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I. INTRODUCTION

In this report a computational and experimental investigation of the fragmentation of

Armco iron and HF-I steel explosively loaded cylinders and an HF-I steel projectile is presented.
The computational simulations were performed with SRI International Lagrangian

finite-difference computer programs. 1 ,2Cylinder and projectile fragment mass distributions

were experimentally determined for comparison with the computations. The PUFF 81 one-

dimensional and TROTT 2 two-dimensional stress wave propagation codes were used for the

cylinder and projectile computations, respectively. The SHEAR2',3,4 shear band model and the

BFRACT21 brittle fracture model simulated the fracture processes. These nucleation and growth

models are subroutines in the stress wave propagation codes.

The original version of the computational shear band model SHEAR I was developed by

SRI as part-of a joint NSWC-SRI experimental and analytical effort to simulate the fragmentation

behavior of naturally fragmenting munitions.6 In that work the PUFF 8 computer program

containing the SHEARI and BFRACT2 fracture models was used by SRI to compute fragment

mass distributions for cylinders of Armco iron and a selected heat treatment of HF-I steel. 5 The

HF-I steel brittle fracture parimeters that were used as input to the BFRACT2 fracture model

were determined at NSWC via gas gun impact and soft recovery experiments. Fragment mass

distributions- for the cylinders were experimentally determined at NSWC for comparison with the

SRI computations. 6 SRI refined the original shear band model under joint sponsorship of the

Army Ballistic Research Laboratory, the Advanced Research Projects Agency, and NSWC. 3 The

new shear band model SHEAR2 was then -used with the PUFF 8 and TROTT computer programs

to calculate fragment mass distributions for Armco iron and HF-1 steel cylinders and an HF-I steel

projectile, respectively. 3

In the present work, computations -were made for-a different heat treatment of HF-1 steel7

and also for the previous heat-treatment that was used in the earlier work. The two heat treatments

produced different microstructures and resulted in different fracture parameters. This allowed the

predictive -capability of the BFRACTZ 'iodel to be tested for small changes in the fracture

parameters -for HF-l steel. The fracture parameters for the previous heat treatment of HF-I

steel6 were redetermined for-these calculations. Computations were also made for an Armco iron

cylinder. The SHEAR2 and BFRACT2 fracture models-were used together in some of the com-



putations, since the recovered fragments had both shear and brittle fracture sufaces. For those

cases where the models could not be used together, tile BFRACT2 model was used to simulate

the fracture processes because the recovered fragments had more brittle than shear fracture surface

area. Some of the results presented in the earlier report (Reference 6) are presented in this report

in more detail for completeness.

The materials are described in Section I. Static tensile-pull measurements and ultrasonic

velocity measurements for H1F-I steel are presented in Section III. HF-I steel ltugon;ot measure-

ments are presented in Section IV. Section V describes the HF-I steel gas gun impact and soft

recovery experiments. The calculated dynamic fracture parameters for HF-I steel that were used as

input for the cylinder and projectile simulations are given in Section VI. The results of a framing

camera experiment for an explosively loaded Armco iron cylinder are presented in Section VII.

Section VIII cortains the fragment mass distribution results of the Armco iron and HF-I steel

explosively loaded cylinder experiments and the HF-I steel projectile experiment. A new

characterization scheme for grouping the recovered fragments with respect to their fracture

surfaces is presented in this section. The fragment mass distribution computations are presented in

Section IX. Section X contains the summary. Appendixes A through P contain tables, photo-

graphs, computer listings, computer plots, and other information concerning this work.

!1. MATERIALS

The Armco iron material used for the exploding cylinder experiments was purchased from

Corey Steel Company. Chicago, Illinois, as a 127-mm-diameter hot-rolled bar. It was used in the

as-received condition. The chemical analysis is given in Table 1. The microstructure of the material

shown in Figure I consists primarily of a single-phase polycrystalline aggregate with ASTM grain

size number of approximately 2.5 to 3. A few inclusions are also present; these are probably

oxides.

The HF-I steel material that was used in this investigation was purchased from Norris

Industries, Pomona, California, in cylinder form and as a 127-mm-diameter hot-rolled bar. The

chemical analysis of this silico-manganese steel is given in Table 1. Two heat treatments were

,22
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Table 1. Chemical analysis of Armco iron and HF-i steel.

Element Arnico Iron' i-F-I Stecib
(wt %) (wt %)

C 0.004 1.08
M11 Trace 1 .83
Si Trace 0.86
P Trace 0.011
S 0.025 0.000 1
Al 0.0002 0.006
MO Trace 0.07
Ni 0.000 1 Trace
Cr Trace 0.15
0 0.010
N 0.001
Mg 0.0031
Mg 0.003

aDeterinined by Corey Steel Company, Chicago, Illinois.
bDetCrinifned by NSWC. Dahigren, Virginia.

20 u

Figure 1. Microstructure of Armco iron.
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considered to investigate microstructural changes on fragmentation behavior. Heat treatment A

mnaterial was austenized at 843±4°C for 4 hr and then quenched in warm oil at 60'C to form

mariensite. lie martensite was Lempered at 566±4°C for 2 hr and then air-cooled. Figure 2 shows

the tIcro,,trtuLCtLre for this heat treatment at two different magnifications. It consists mainly of

tempered martensite with some dispersed carbide precipitates and retained austenite. Heat treat-

nIent A Imterial wa\,, used in the work of Reference 6. Heat treatment B material was austenized at

9)27i4'( for I hr. transferred to 782±4°C for I hr to form grain boundary cementite, and then

.m-cooled to form pearlite.7 The microstructure for this heat treatment is shown in Figure 3.

It con,,tts mainly of a cementite network and a fine pearlite structure.

111. MECHANICAL AND ACOUSTICAL EXPERIMENTS

In this section tensile-pull and ultrasonic velocity measurements are presented for the

materih ls. This information will be useful for comparison with the shock-wave measurements to

he presented in later sections. Tensile-pull results are presented for Armco iron and the two heat ,)

treatments of lIF-I steel. Results are presented for longitudinal (parallel to the material rolling

direction) and transverse (perpendicular to the material rolling direction) tensile specimens.

Flglre, 4 and 5 give stress-strain curves for longitudinal tensile specimens of Armco iron and heat

ticeatnient A of lIF-I steel, respectively. Both true and engineering stress-strain curves are shown in

these figures. The crosses indicate specimen fracture. Stress-strain curves for transverse tensile

,pecniens of heat treatments A and B of HF-1 steel are shown in Figure 6. Two experiments were

pc itorned toi each H F-I steel heat treatment. This figure was constructed from the measurements

h,,ted in Table A-I. The specimen dimensions and experimental details for the transverse tensile-

pull micasurements are given in this table. Table 2 summarizes the transverse tensile-pull measure-

mentls for the two lIF-I steel heat treatments. The heat treatment B transverse tensile specimens

fractumed at a lower stress (about 20'/( less) and a lower strain (about 70'/t less) than the heat

tlcaitment A transverse tensile specimens. Photographs of the fracture surfaces for two specimens

arc shown In Figure 7. Table 3 summarizes the mechanical property measurements for the ma-

te ials. The extent of the directional charcter of the mechanical properties for heat treatment A

of II F-I steel is shown in this table.

4
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Figure 2. Microstructure of HF-i stl with heat treatment A.
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Figure 3. Microstructure of HF-i steel with heat treatment B.

( 5



500 , I , .

400 TRUE

2300 m

100-

11

0C I ! I I II

0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

STRAIN

Figure 4. True stress-true strain and engineering stress-strair curves
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Table 2. Summary of tensile-pull measurements foi transverse-direction specif" is of HF-1 steel.

Initial 0.2% Offset Ultimate
Specimen Young's Yield Tensile Percent

Experiment Heat Diameter Modulusb  Strength Strengthd Percent Reduction
No. Treatmenta (mm) (MPa)c (MPa) (MPa) Elongatione in Area f

I A 4.70 19; 947 1090 2.7 3.3

2 A 4.71 191 1013 1120 4.0 2.7

3 B 4.70 192 855 885 - -

4 B 4.70 176 858 879 1.0 0.8

a Specimens I and 2 had a hardness of RC 39. Specimens 3 and 4 had a hardness of RC 43. Two hardness values were measured
for each disk prior to fabricating a tensile-pull specimen.

b Obtained from the slope of the el istic-region part of the stress-strain curves in Figure 6. The value for experiment 4 is about

81/( less than the values for the other experiments and is therefore probably more uncertain.
c I niegapascal (MPa) = 14 .0 psi. I gigapascal (GPa) = 103 MPa.
d Ilie ultimate tensile sr:ength is the stress at fracture. The average strain at fracture for Ileat treatments A and B is 0.0247 and

0.0074. respectively
c The final central-region length for specitens I, 2, and 4 was 19.6, 13.2, and 12.8 mm, respectively. The final length for specimen

3 was not measured.
f The final ce.itral-rcgion diameter of the necked-down fracture region for specimens 1, 2, and 4 was 4.62, 4.64, and 4.69 mit,

respectively. The final diameter for specimen 3 was not measured. The fracture regions for specimens 3 and 4 occurred at the
edge oh the central region and in the middle of the central region, respectively.

(I
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Figure 6. Engineering stress-strain curves for transverse tensile
specimens of HF-1 steel with heat treatments A and B.

(a) (b)
Figure 7. Macrophotographs of the fracture surfaces for the transverse tensile specimens of

HF-1-steel with (a) heat treatment A in experiment 1 and (b) heat treatment B in
experiment 3.
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Table 3. Summary of mechanical properties for Armco iron and HF-1 Steel.

0.2% Offset Ultimate
Yield Tensile Percent

Heat Tensile-Pull Strength Strength Percent Reduction
Material Treatment Hardness Direction a  (MPa) (MPa) Elongation in Area

Arnico iron None RB 40 Longitudinal 180 300 34 57

IHF-I- Steel A Rc 40 Longitudinal 1040 1320 8.4 14
A Rc 39 Transverse 980 1105 3.4 3.0

IIF- Steel B RC 43 Transverse 857 882 1.0 0.8

a The longitudinal tensile properties for Armco iron and for heat treatment A of IIF-I steel are averages for three and five measure.
iments, respectively. Thlc-ongitudinal tensile measurements wore performed on standard 6,35-nn ASTM E-68 tensile specimens;
the percent elongation results are for 25.4-in gage. The transverse tensile properties for heat-treatinents A and B oflIF-I steel
areboth averages for two measurements. The details of th. transverse tensile measurements are given in Tables 2 and A-I.

Zero-stress longitudinal and shear wave velocity measurements have been performed for the

) two heat treatments of HF-I steel using the ultrasonic pulse-echo technique. The longitudinal

wave velocity measurements were performed with a 6.5-MHz Dapco transducer. A 1.6-MHz

Panametrics transducer was used for the shear wave velocity measurements. The transducers were

used with an ultrasonic pulser/receiver (Panametrics 5050 PR). A high-viscosity fluid- (Dapco

couplant paste) was used to couple the transducers to the specimens. The time between the echos

was- measured with an oscilloscope (Tektronix R7704)-and a digital delay plug-in unit (Tektronix

7DII). The unit was checked for accuracy with a digital delay pulse generator (Berkeley
Nucleonics 7040). Table 4 sttmrnnarizes the ultrasonic velocity measurements and the calculate(]

elastic constants for the two heat treatments of HF-I steel.

Figure 8 shows ultrasonic pulses:for HF-I steel specimens with heat-treatment A.To measure

the time difference between echos, the first positive peak in the pulse is-aligned with a selected
graticule line. The digital delay unit is then used to move the pulse train across the display in I-ns

increments until the same part of the next pulse is aligned with the fiducial graticttle. The wave

velocity data for each measurement was obtained by averaging the time differences for five or

more successive echos.

.11' 9
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Table 4. Ultrasonic velocity measurements and elastic constants for HF-i steel.

Longitudinal Shear Wave Bulk Wave Youings Bulk Shear
a f

Hecat Density Wave velocitya Vlckl Velocityc Posn' Mdlus Mdls Mdls

Trea- PO CL C ~ C Rjltiod I K G
ment (Mg/rn ) (krn/s) (krn/s) (krn/) '((GPa) (GPa) (GPa)

A 7.7711 S.93's 3 25"ik 45S9 0,285 211 164 82.1

13 7.7711 5.2 3.24).k 4.58 0.286 210 164 81.6

aMeasu red lor a nlomlinal cen ter t'requency of 6.5 MlID ot' a road band pulke.
MeNas~ured for a iioiniiial ceniter trequienicy of 1 .6 M117t of .a broadbdand puk'e.

CC2C2 -4 13 ,c*

d 11 (L(C - 22
s(C t-S2-2112(C L'/CS) 2

F, L13(1l-20)I
g-111 2(I +,)

IAverige for t%% o piime. I acli %pecini)m %j% is.36auau thick.

Average of four icastireiflet% oil m~ o slpci)1efl.
Ilia scatter in the icasuremii1% \.% 0.5', or less.

k Averige ot six iasuremlents on two specimemn.

(a) (b)
Figure 8. Longitudinal and shear echo pulses for HF-i steel specimens with heat treatment A.

steel. (a) Longitudinal echo pulses. The vertical scale is 50 mV/div and the horizontal
scale is 0.5 ps/div. (b) Shear echo pulses. The vertical scale is 50 mV/div and the
horizontal scale is 1 ps/div.
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IV. HIUGONIOT EQUATION OF STATE EXPERIMENTS

A series of Hugoniot experiments has been performed for heat treatments A and B of HF-I

steel. Tile resulting Hugoniot equation of state was used as input to the computer programs for

calculating the shock stress in HF-1 steel. The measurements were performed with a 40-nn-bore

diameter gas gun. 8 Both direct-impact and transit-time experiments were performed. In the

direct-impact experiment, all HF-I steel disk was impacted diiectly onto a quartz gauge to

measure the HF-1 steel shock stressand particle velocity. In the transit-time experiments, an HF-I

steel disk was impacted onto all HF-I steel specimen that was backed with a quartz gauge.

Figure 9 is a schematic of the muzzle region of the gas gun for this type of experiment. The

impact time and impact planarity are measured with the four charged tilt pins that are centered

around the specimen. The tilt pin ends are positioned in the plane of the impact face of the

specimen to within I pim. The average projectile velocity at impact is measured with the three

charged pins in the side of the barrel and the specimen tilt pins. The quartz gauge measures the

stress-time profile at the specimen-quartz interface. Elastic and plastic wave velocities in the

specimen are determined by measuring the time between the impact of tile front surface of the

specimen and the arrival of the stress waves at the specimen back surface. A digital delay generator

(Berkeley Nucleonics 7040) is used for producing two reference pulses that are time delayed

with respect to each other by a predetermined amount. The initial pulse is recorded on tile tilt

data trace, and the delayed pulse is recorded on the quartz gauge data trace.

The oscilloscope records for the five Hugoniot experiments are given in Appendix B. Shots

117, 118, and 120 were performed for heat treatment A material; Shots 152 and 153 were per-

formed for heat treatment B material. All tile experiments were shock transit-time experiments

except Shot 120, which was a direct impact experiment. The tilt data record for the transit-time

experiments is a series of voltage pulses corresponding to the contact of the tilt pins by the

impactor disk The tilt angle or impact planarity is measured from this record. The quartz gauge

current record for each shot shows an HF-I steel elastic wave followed by a slower-moving plastic

wave. A rising transition region occurs between the elastic wave front and the peak of the plastic

wave for both HF-I steel heat treatments. A similar phenomenon has been observed by Jones

et al. 9 for SAE 4340 steel and attributed to work hardening and wave dispersion. This is in
contrast to Arnico iron, which exhibits an elastic wave followed by stress relaxation and then a

gradual rise to the plastic wave.1 0
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Figure 9. Schematic of muzzle region of gas gun for a shock transit-time experiment.

Table 5 summarizes the shock wave measurements and calculations for HF-1 steel. A brief
description of each shot is given in the third column of the table. The average measured density

for the HF-I steel disks is p0 = 7.774 Mg/m 3 . Impact tilt was measured from the rise time of the

quartz gauge pulse for Shot 120. The average tilt value for the shots is 0.84 mrad. Values for wave

velocity, stress particle velocity, and strain are given for the elastic and plastic waves. An average

value of 2.2 GPa was obtained for the l-ugoniot elastic limit (HEL) for heat treatment A material.

The hardness for this material is Rc 40. An average HEL value of 2.4 GPa was obtained for heat

treatment B material with a hardness of Rc 43. Jones et al. 9 obtained a value of 2.0 GPa for the
HEL of SAE 4340 steel with a thicknessof 19.9 mm and a hardness of Rc 40. Minshall I measured

an elastic wave velocity of 5.95 km/s and an HEL of 2.5 GPa for 25.4-mm-thick 4340 steel with a

hardness of Rc 35.

12 1



00

- o10

tt 's 6 tS4

02~1 r.~ ~

0~' E.E. .

w -0
- ~ A E , -

o~~~ Q 0

- Iar V. a E

o ?.

0.3 0.

13 - ~ ,



A value for the one-dimensional static yield strength Oy call be calculated for heat

treatment A material using the equation o = 1(I -v)/(I - 2v)IY where v is Poisson's ratio and Y

is the longitudinal yield strength. For this material Y = 1.04 GPa from Table 3 and v = 0.285

from Table 4. The calculated value of' a = 1.7 GPa is not as large as the measured HtEL value of

2.2 GPa for heat treatment A material, indicating some strain-rate dependence for HF-I steel.

The ultrasonic longitudinal wave velocity of 5.93 km/s from Table 4 is in good agreement with the

average elastic wave velocity value of 5.89 km/s.

Figure 10 gives the shock velocity-particle velocity data points for 1-F-I steel. The lugoniot
relationship U = 4.60 + 1.61 up was obtained from a straight-line least-squares fit to the three

U -u plastic wave data points from Tablk 5 and the average value for the ultrasonic bulk wave

velocity from Table 4. The Ilugoniot curves for Armco iron1 0 and 304 stainless steel1 2 are shown

for comparison.

5.00 I I

HF-I STEEL

4.90 U =4.6+1.61 Up ARMCO IRON

E DENSITY 7.77 M/m 3  US =4.63+1.33 Up,~~ HEAT TREATMENT A DENSITY 7.85 Mg/m3 , :::---

4.80 - &HEAT TREATMENT B IREF. 10)

cm N ULTRASONIC BULK
. WAVE VELOCITYSTEEL

4.70- Us =4.7 ,,4 Up

C.3cmDESITY 7.90 g/mS
4.60 - REF.121 -

4.50 I I
0 0.04 0.08 0.12 0.16 0.20

PARTICLE VELOCITY (km/sI

Figure 10. Shock velocity-particle velocity relationship for HF-1 steel.
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K
The stress-particle velocity Hugoniot relation and data points for HF-I steel are shown in

Figure 11. A maximum stress of 7.11 GPa was obtain,.d for these shots. The stress-particle velocity

relationship was taken to be a straight line up to a particle velocity of u. = 0.051 km/s, the

average particle velocity at the elastic limit. The stress at this palticle velocity is a = 2.3 GPa,

the average HEL value for the two heat treatments of HF-i steel. Above a particle velocity of

0.051 km/s tile stress-particle velocity relationship was obtained from the equation a, = ac  +

Pc(Us - tic) (up - u0) where p. = P0/(l - uc/C.). Here p. and CL = 5.89 km/s are tile density and
wave velocity at the elastic limit, respectively. Using the HF-I steel shock velocity-particle velocity

relationship Us = 4.60 + 1.61 uP and the measured values for the other parameters gives oH = 0.5 1

+ 35.0 U + 12.6 for up > 0.051 km/s. Here a,, is in gigapascals.

8 I  I I I I

HF-i STEEL

7 * HEAT TREATMENT A 12.2 GPI HELl

A HEAT TREATMENT B (2.4 GP HELl

6 oN 0.51+35.0 Up+12.6 Up2, Up? 0.051 km/s

'5

'~ 4

2 -

U0

3

2

o i I i
0 0.04 0.08 0.12 0.16 0.20

PARTICLE VELOCITY (km/s)

Figure 11. Stress-particle velocity relationship for HF-1 steel.
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Figure 12 gives the t-ugoniot stress and pressure relationships for 1F-I steel.

,qluation (('-22) of Appendix C was used to transform the linear shock velocity-particle velocity

iclationship into the stress-compression relationship. The compression y = V0/V - I where V0
and V are initial and final specific volumes, respectively. The stress relationship is valid above

the elastic limit compression p,, = 0.0087. In the elastic region the stress is given by

Oil =- 270p/i (I + p). At the elastic limit compression p., the stress is u, = 2.3 GPa. The HF-i

,teel hydrostat was obtained by subtracting the deviator stress 0o) = 0.91 GPa from the stress

relationship. The hydrostat is part of the input data for the SRI computer programs. The Armco

iron hydrostat1 3 that was used in the computer programs is shown in Figure 12 for comparison

with the IIF-I steel hydrostat.

8
HF-I STEEL

7 0H 0.91 +161 y + 356A 2 + 368M3 , 2 0.0017

PH =161/ + 356jA2 + 368p,3 (HYDROSTATJ

W -

CD ARMC WON

Pp4 159 M + 517y 2 + 5170,1 3 (HYDROSTAT)
(REF. 131

2

0 J .
0 0.01 0.02 0.03 0.04

COMPRESSION 4

Figure 12. Stress-compression and pressure-compression relationships for HF-1 steel.
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) V. DYNAMIC FRACTURE EXPERIMENTS

A series of spall fracture experiments has been performed for heat treatments A and B of'

lIF-I steel. The purpose of the experiments was to obtain a quantitative measure of fracture

daimige in this material for use in calculating dynamic fiacture parameters. The procedure is as

follows. )iffermng amounts of spall fracture are produced in the specimens under known impact

onditions. The specimens are soft recovered, sectioned on a diameter, and polished to reveal the

microscopic spall fracture. The numbers of cracks, their lengths, and orientations with respect to

the impact plane are digitized. The surface distributions are converted to volume distributions

using the SRI statistical transformation computer program BABS3.'4,1 S

Figure 13 shows the muzzle region of' the gas gun for a spall fracture experiment. The

specimen is held in a stainless steel mounting ring with a low-melting-point alloy (Cerrobend

alloy). For spall fracture to occur, the experimental conditions must cause tensile stresses in the

specimen. Figure 14 is a simplitied schematic of the spall process. The impactor thickness is less

than the specimen thickness. In the first step after impact, a plane shock wave propagates into

jboth the impactor and specimen. In the next step, one wave reaches the back surface of the

inpactor. while the other wave :ontinues into the specimen. The wave in the impactor is reflected

as a raiefaction wave and propagates back through the impactor toward the specimen. Subseq-

tLlntlV, a rarefaction wave moves into the specimen from its free surface. When the two plane

rarefaction waves interact, the result is a tensile stress in the specimen. The tensile stress occurs

because in raref-action waves, ni :,erial is accelerated in a direction opposite to the rarefaction

propagation direction. If the tensile stress amplitude and duration are sufficient, spall fracture

occurs. The compressive stress amplitude is determined from the impact velocity and the Hugoniot

equation of state of the materials used. The stress duration is controlled by the thickness of the

impactor.

17
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VELOCITY PINS

VACUUM LINE ' TARGET MOUNTING FLANGE

-SPECIMEN MOUNTING RING

ASPRESSURE IMPACTOR -- SPECIMEN

9CTILE

Fiqure 13. Schematic of muzzle region of gas gun for a spall fracture experiment.

BEFORE IMPACT

AFTER IMPACT

Figure 14. Simplified schematic of the spall fracture process. After impact the time sequence

of wave interactions is shown from left to right. The solid and dashed lines indicate

the propagation of compression and rarefaction waves, respectively. 3
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When perlorming the spall fiacture exp~eriments, the impacted specimen is soft recovered to

minimize any unintentional damage. 1 6 Figure 15 shows the operation of the soft recovery system.
The system consists of a steel box mounted on a track and a rag cage. The box is filled with

laminated sheets of plywood. A hole through the plywood core is larger than the specimen

diameter but smaller than the diameter of the impactor and projectile. Figure 15(a) shows con-

ditions prior to impact. Figure 15(b) shows conditions shortly after impact. The projectile and

inipactor are caught in tile separator box, and the box moves along the track as momentum is

transferred to it. The specimen passes unhindered through the separator box and moves toward the

rag cage. In Figure 15(c) the box is stopped by shock absorbers at the end of the track, and the

specimen is soft recovered in the rags. The recovered specimen is sectioned along a diameter,

mounted, and metallographically polished to reveal the crack distribution as schematically shown

in Figure 16.

BARREL SPECIMEN SEPARATOR RAGS

PROJECTILE

L b

Figure 15. Schematic of soft recovery technique. (a) Before impact. (b) In-flight capture of
projectile and impactor. (c) Soft recovery of specimen.
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SOFT RECOVERED SECTIONED

Figure 16. Schematic of sectioned specimen to reveal fracture damage.

A summary of' the spall fracture experiments performed for HF-i steel is presented in

Table 6. Twelve experiments were performed for heat treatment A material, and eleven experi-

ments were performed for heat treatment B material. The impactor disks were nominally 1.15-,

1.59-. and 2.37-mm thick The specimen disks were nominally 3.18- and 6.35-mm thick. The

impactor velocities ranged from 0.120 to 0.276 km/s. The last column of the taLle gives a

qualitative degree of facture damage for the specimens as determined by microscopic observation.

Typical comnoressive stress amplitudes ranged from about 2 to 5 GPa, and typical stress durations

were fractions of' a mic'os,2(cond.

To obtain tWe crack distributions the sectioned specimens are first macrophotographed at

about 5X magnification using a Bausch and Lomb L camera. During this procedure it is very

important to illuminate the specimen with diffuse light so that all tle cracks are visible in the

photograph. Appendix D contains these photographs for all the sectioned specimens of HF-I steel.

Figures 17 and 18 show the effect of increasing impactor velocity on the specimen fracture

damage for heat treatments A and B of1 HF-I steel, respectively. For these shots the impactor and

specimen thicknesses were 2.37 and 6.35 mam. respectively. The specimens in Figures 17(a) and

18(b) were imparted at the sanie velocity. The increased fracture damage shown in Figure 18(b),

compared with Figure I 7(a), suggests that the fracture threshold stress is less for heat treatment B

material than heat treatment A material.
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(a) Shot 110, 0.149 km/s.

(b) Shot 98, 0.160 km/s.

(c) Shot 90, 0.191 km/s.

I4 mm !

(d) Shot 94, 0.200 km/s.
Figure 17. Effect of increasing impactor velocity on fracture damage for 6.35-mm-thick HF-1

steel specimens with heat treatment A. The impactor thickness was 2.37 mm. The
bottom edge of each specimen is the impact surface.
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(a) Shot 154, 0.094 km/s.

(b) Shot 144, 0.143 km/s.

I1

(c) Shot 143, 0.169 km/s.

4 mm

(d) Shot 142, 0.191 km/s.

Figure 18. Effect of increasing impactor velocity on fracture damage for 6.35-mm-thick HF-1
steel specimens with heat treatment B. The impactor thickness was 2.37 mm. The
bottom edge of each specimen is the impact surface.
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For crack counting, each 5X photograph was enlarged again and arranged together to form

a 24X composite photograph of the specimen surface. Cracks were marked as straight-line segments

on a clear plastic sheet that was placed over the photograph. Using this procedure the original crack-

counting photograph was .lot marked. Only cracks in the approximate central one-thid region of

the specimen were countedl. This was done to ensure that the measured cracks were not influenced

by stress relief wave effects from the edge of the specimen. The general crack counting criterion

used was to count the longest segment as a crack and each intersecting segment as a crack. If the

intersecting crack extended through the primary crack, its length was taken as extending from tip

to tip. If the intersecting crack stopped at the primary crack or appeared to extend through ihe

primary crack with a relative displacement. each segment was treated as an individual crack. Table

7 summarizes the crack measurements for the spall fracture specimens of HF-I steel. The specimen

magnification factors, region of damage, and number of measured cracks are listed for each shot.

The cracks for each specimen were digitized by mounting the plastic sheet with the indicated

cracks on a digitizer table (Computer Equipment Corporation Model TF-IOC Digitizer) to

deteiwiiine the coordinates of the cracks. The digitized crack data was then used as input to a

computer program that divided the damage region into a series of zones parallel to the specimen

faces. The average zone width was 0.40 nim. The length, orientation, and location of the midpoint

of each crack relative to the impact face was calculated. Each crack was assigned to a zone based

on its midpoint. This computer program was written to interface with the SRI BABS3 program

that calculated surface and volume crack-size distributions for each damage zone.

The parameters N. and R, are obtained for each damage zone containing cracks by fitting

the equation N, = No exp(-R/R, ) to the volume crack-size distribution. Here Ng is the number

of cracks per unit volume with radius greater than R, No is the total number of cracks per unit

volume, and R, is the average crack radius. Tile zone of maximum damage is taken as that zone

in which N0 R? is a maximum. The N and R values for the zone of maximum damage are used

for each specimen to calculate tile dynamic fracture parameters. Appendix E contains computer-

generated plots for each sectioned specimen of HF-I steel (excluding the no-damage Shots 89 and

147). Each figure shows plots of the digitized cracks. and the computed surface and volume crack-

size distributions for each damage zone. Appendix F lists the digitized crack coordinates for all

the counted cracks. Table 8 summarizes the No and R, values for each spall fracture specimen of

HF-I steel. The N. and R, values determined for Shots 95 and 88 were not used for calculating

dynamic fracture parameters.
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Table 8. Summary of experimental volume crack-size distribution parameters for spall fracture
specimens of HF-1 steel.a

Distance from
Number of Average Specimen Impact
Cracks per Crack Surface to Midpoint

Unit Volume Radius of Zone of
Shot Heat No  R1  Maximum Damage
No. Treatment (104 /cm 3 ) (1m) (mm)

9 5 b A 0.03 - 1822.2 2.73

110 A 0.74 150.3 4.04
98 A 2.55 121.1 3.96
92 A 2.89 103.9 4.40
91 A 8.49 54.2 4.00
90 A 4.96 99.7 4.19
94 A 7.37 94.2 4.17
89c A - - -

113 A 7.92 66.6 1.84

8 8 d A 3.92 107.6 1.51
111 A 5.36 75.5 2.19
112 A 7.48 84.7 2.09
154 B 1.45 200.3 3.15
145 B 1.24 190.5 3.73
144 B 4.26 127.0 3.36
143 B 7.10 88.7 4.58
142 B 3.68 132.5 4.32
150 B 4.25 114.9 4.22
148 B 4.58 99.1 2.01

149 B 6.64 97.7 1.58
147c B - - -
146 B 9.64 99.3 2.03

151 B 6.32 115.8 4.51

a The parameters N0 and R were obtained for each damage zone of each specimen by fitting the equation N = N 0 exp(-R/R.)g 0 ep(R/ 1

to the volume crack-sizc distribution. Here N is the number of cracks per unit volume with radius greater than R. Plots of the
volume crack-size distributions for each damage zone of each specimen are given in Appendix E. The parameters N0 and R listed

in this table are the values for the zone of lS;d..i, damage.
bThis shot was not used for determining dynamic fracture parameteis due to the small number of measured cracks, hence, the

unrealistic negative value for the average crack radius.
c Cracks were not measured for the no-damage Shots 89 and 147.
d This full-spall shot was not used for determining dynaminj fracture parameters. Only cracks in one half ol the specimen were

digitized.
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Scanning electron microscope (SEM) photographs of the fracture surface for the full-spalled

heat treatment A specimen in Shot 88 are shown in Figure 19. These micrographs can be com-

pared with the fracture surface for the low-strain-rate heat treatment A transverse tensile specinie'i

in Figure 7(a). Micrographs of cracks were made for some of the sectioned specimen surfaces in

order to obtain a detailed comparislin of the spall fracture for the two heat treatments of' IlF-I

steel. [he specimens were etched with either 21V( Nital or 4/( Picral solutions. Figures 20 and 2 1 are

crack micrographs for the heat treatment A specimens in Shots 110 and 90, respectively. Figures

22 and 23 are crack micrographs for the heat treatment B specimens in Shots 144 and 142. re-

spectively. The impactor velocity for Shots 110 and 144 was 0.149 km/s. The impactor velocity for

Shots 90 and 142 was 0.191 km/s. Cracks occurred primarily through the grain boundary

cementite for heat treatment B material, although some cracks occurred in the pearlite micro-

structure.

1 MM

Figure 19. SEM microcraphs of the fracture surface for the full-spalled HF-1 steel, heat treatment A,
specimen in Shot 88.
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(a)

L25 ym (b)

Figure 20. Micrographs of cracks for the HF-i steel, heat treatment A, specimen in Shot 110.
(a) View of multiple cracks. (b) High-magnification view of a crack.
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Figure 21. Micrographs of cracks for the HF-1 steel, heat treatment A, specimen in Shot 90.
(a) View of multiple cracks. (b) High-magnification view of a crack. (c) High-mag-
nification view of cracks around material impurity.
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Figure 22. Micrograph of cracks for the HF-1 steel, heat treatment B, specimen in Shot 144.
Cracks occurred primarily through the grain boundary cementite.
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Figure 23. Micrographs of cracks for the HF-i steel, heat -treatment B, specimen in Shot 142.
(a) View of multiple cracks. (b)(High-magnification-view of grain boundary cementite
cracks extending-into an adjacent grain. (c) High-magnification view-of grain boundary
crack.C
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VI. COMPUTATION OF DYNAMIC FRACTURE PARAMETERS j

In this section the dynamic fracture parameters are calculated for heat treatments A and B

of lIF-I steel. Initially, PUFF 8 computations assuming no-fracture damage were made for the

tlveiv heat treatment A and the eleven -heat treatment B spall fracture experiments-of the last

section. The material properties determined- in the previous sections were used as input in the

computations. -For a computation, the impactor thickness was divided into 8 computational

cells, numbered I -tirough 8, beginning at-the impactor free-surface. The specimen thickness was

divided into 20 computational cells, numbered 10 through 29,-beginning at the specimen impact

surface. The initial- -maximum tensile stress %, for each specimen was determined from these

computations. (Compressive stresses have positive values; tensile stresses have negative values.)

A maximum tensile stress of-2.5 GPa was obtained for the heat-treatment A specimen-in Shot 95.

This value was taken-as the nucleation-threshold stress u 0 for heat-treatment A material- since the

experimental crack- density for this shot- was- only 300 cracks/cm 3 (see Table -8), a value con-

sidered negligible.' For the no-damage Shot 89, a maximum tensile stress of -2.4 GPa was

calculated, a value-less than the nucleation threshold stress.For-heat treatment B material, a shot

near the threshold-stress was not obtained for the 2.37-mm-thick-impactor disks. AlI-the experi-

mental crack density values in Table 8- for this heat treatment are-larger than 1000-cracks/c 3 ,

except Shot 147, which- was a no-damage--shot for a 1.15-nmn-thick impactor. In-Shot 154 (the

lowest velocity shot)-a 6.35-am-thick specimen was impacted-at0.094 km/s with a 2.37-mm-thick

impactor. The maximum tensile stress-for this shot was -2.GPa. The imcleation threshold stress

for heat treatment-B material was estimated- by plotting the-experimental crack-density values

-from Table 8 versus-the maximum tensile-stress values for the-no-damage PUFF 8-computations.

The stress-axis intercept of this plot was- 1.8 GPa. This value-was -therefore taken- as the nucle-

ation threshold stress-for heat treatment-B material. The growth'threshold stress ago foriboth heat

treatments of H1F-1- steel was taken as--O1 -GPa. 6 The nucleation and growth threshold stress

values, ORO and-ogo ,respectively, are two-of the six dynamic-fracture parameters. To obtain initial

estimates for the -remaining parameters, -it is-necessary to obtain-estimates for the spall- fracture

nucleation and growth times, Atn and Ati. -respectively, for each-of the shots forthe- zone of

maximum stress. The nucleation time is -the-time interval for-which the initial tensile-stress pulse

exceeds the nucleation-threshold stress. The-growth time is the-time interval for whichthe initial

-tensile stress pulse exceeds the nucleation threshold stress -until it decreases to -the growth

-threshold stress.

0>
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) The nucleation rate for cracks N and the growth rate for cracks R are given, respectively,

by

N Eo- Ono1

anld

T1(aR T1(o- go)R , (2)

wvhere a is the applied tensile stress, N0 is the nucleation threshold rate, aI is the nucleation

sensitivity parameter, R is the crack radius, and T U is the growth coefficient. Integrating

Equation (2)-gives

-lnR = InR0 +T t , (3) 

where R is the nucleation size parameter. Here the growth threshold-stress-a is assumed to be
negligible. N0, , , R0, and TI are-the remaining foe. dynamic fracture parameters.

A first-estimate for the nucleation parameters is obtained by plotting the values ln(N 0/Atn)-

versus the stress above threshold- 7M - ano for each of the shots for each heat treatment. The

N values were obtained from Table 8, and the aM and-At n values were obtained from the initial-

no-damage PUFF computations. A straight-line least-squares fit to the nucleation data gives initial-

estimates for the intercept N0 and slope oI a . A first estimate for the growth parameters is obtained

by plotting-the values lnR 1 versus -a At5 for each of the shots for each heat treatment. TheR

values were obtained from Table 8, and the At valueswere obtained from the initial no-damage

PUFF computations. A straight-line least-squares fit to the growth data gives initial estimates

for the intercept R0 and the slope T. Data for Shots-95, 89, 88, and 147 -was not used in these

estimates or any later computations. j
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The parameters u.o and ago and the initial estimates for- the- parameters No, , , R0, and T

are then used in a first iteration of-PUFF 8 computations using theBFRACT2 subroutine, which

allows -fracture to occur. In these computations, crack densities -NO-and radii R, are computed

for each specimen cell in which fracture occurs. The cell of maximum damage for a specimen is

taken-as the cell in which the computed value N R2 is a maximum at a time when the tensile pulse
0 1

has decreased to the --0.1 GPa threshold growth stress. The cell--of maximum damage is not-

necessarily the same as the cell of maximum stress for the initial no-damage PUFF computations.

Using -the results of these computations, nucleation and growth plots are again constructed.

Straight-line least-squares fits to the- experimental and computational data are obtained for each

4 plot. The No and R values from Table 8 were again used to construct the ln(N 0/At n) and- lnR

values,-respectively for the experimental curves. For the computational curves, the computed N0

and -R1 values were used. A table is -then constructed consisting-of the initial set of dynamic
fracture parameters N0, 01, R0, andT 1 and the experimental andcomputed intercept and-slope

values -from the nucleation- and -growth -plots. Ratios of the corresponding experimental and

computed intercept and slope values-are determined. A new-set-of fracture parameters is obtained
by multiplying the appropriate- parameter by the appropriate -ratio. The new set of dynamic

fracture-parameters is then used in- asecond series of PUFF 8-computations-using the BFRACT2

subroutine. Nucleation and growth- plots are again obtaiied- and -then a new set of dynamic

fracture parameters. This -iterative process is continued until the-experimental and computed-

nucleation=and -growth curves agree. The-dynamic fracture parameters -used -for this final iteration-

are then taken as the dynamic fractureiparameters for the material.

Six iterations with the PUFF -8- computer program using the--BFRACT2 subroutine were

performed-to obtain the dynamic- fracture- parameters for heat -treatments- A -and B of HF-1 steel.

Tables -9 and 10 give the experimental and computed nucleation-and growth values that were

obtained- using the final set of -dynamic -fracture parameters for heat treatments A and B,

-respectively. These values are plotted' in- Figures 24 and 25. Straight-line least-squares fits to

the-experimental-and computed values-are -shown in the figures. The-experimental and computed

intercept and slope values for the-heat treatment A nucleation rate-curvesin Figure 24(a) are 15.i

and- 16.9 cracks/cm3-ns and - 12.9 and--i 2.0 GPa" 1, respectively. The-experimental and computed-

intercept and slope values for the heat treatment A growth curves-in -Figure 24(b) are 68.3 and-

68.4-pm and -0.137 and -0.141 GPa - 1 ps- 1, respectively. The experimental and computed-

intercepr and slope values for the heat treatment B nucleation rate-curves-in Figure 25(a) are -12.3
and- 12.5 cracks/cm3 -ns and -5.56 and -5.54 GPa- 1 , respectively. The experimental and
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(b)

Figure 24. Experimental and computed nucleation rate and growth curves for HF-i steel with
heat treatment A. (a) Nucleation rate curves. (b) Growth curves. The points in these i

i ~ plots are from Table 9 and were obtained -using the final set of dynamic fracture

I parameters fOr this heat treatment of HF-i steel in a PUFF 8 computation.
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(b)

Figure 25. -Experimental and computed- nucleation rate and growth--cuives for HF-i steel with-
heat treatment B. (a) -Nucleation rate curves. (b) Growth-curves. The points in these-
plots-are from Ta~ue 10 and- were -obtained using the -final- set- of -dynamic fracture-
parameters for this heat-treatment-of HF-1 steel-in a PUFF-8.computation.
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computedl intercept and slop~e values for the hecat treatment 13 growth curves in Figure 25(b)

are 82.7 and 82.8 pml and -0. 148 and -0. 152 Gila-Ips-1  respectively. For the nucleation rate

curves, all the experimental points were used in the curve fits, sincc considerable scatter wvas

evident in the data. For the growth curves, the experimental points for Shots 110, 9 1, and 113 for

hecat treatment A material and the points for Shots 154, 145, anld 143 for hecat treatment B

material wvere not used in the curve fits, since they were out of range of the majority of the

experimental points.

Table I I summarizes the dynamic fracture parameters for hecat treatments A and B of HF-I

steel. Also showvn for comp)arison are the p~reviously determined dynamic fracture parameters

for Armnco iron. 1 For the twvo hecat treatments of H-F-I steel, larger differences occurred inl the

nucleation parameters than in the growth parameters. The nucleation threshold stress is about

40% higher and the nucleation threshold rate is about 30% lower for hecat treatment A material

than for hecat treatment B material. This suggests that hecat treatment A material is a somewhat

tougher material with respect to crack nucleation than hecat treatment B material.

Table 11. Dynamic fracture parameters-for heat treatments A and B of HF-i steel and Armco iron.

Heat Heat
Treatment-A Treatmnent B

Paramlletera Descrip~tion Units of HF-i Steel of HF-I Steel Armco Ironb

TI Growvth coefficlin GPa- I Ps- -0.377 -0.387 -5.5

ago Growth threshold stress GPa -0.1 -0.1 -0.02

R Nucleation size paramieter pml 65.6 81.8 0.5
0

N 0  Nucleation threshold rate no0. c111 3 nts- 90.0 125 4600

Oo Nucleation threshold stress Gila -2.5 -1.8 -0.3

01 Nucleation sensitivity paramneter GI'a -0.0588 -0.174 -0.53

a In tile 13FRAC172 brittle fracture subrou tine, these iarameters are listed as TI ,72, T3, T4, T5S, and T6, respectively, with diffcrcnt
units. For example, for heat ticainent A material, thle values arc TI = - 3.77 % 10-5 clm2/dynet-s, T2 = -1.0 x t09 dyne/cmI2,
T3 = 6.56 x 10- cm, T4 = 9.00.. 1010 cumn3 s' . TS = -2.50 x 1010 dyne/cmu2.and T6 =-5.88 x 108 (dyne/cm,2.

blmse dynamic fracture param~eters for Arinco iron were taken from Reference I and are shown hiere for comparison with thle
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Input listings for the PUFF 8 computations using the final set of dynamic fracture para-
meters are given in Appendix G for the HF-I steel spall fracture shots. A detailed explanation of
the meaning of each of the input parameters can be found in Reference 1. A brief description is
as follows: The impactor velocity is given by UZERO. RHOS = 7.774 g/cm3 is the average
impactor and specimen density. The EQST parameters (EQSTC, EQSTD EQSTE, EQSTG,
EQSTH, and EQSTS from left to right in the EQST line) give the-equation of state parameters.

The parameters EQSTC, EQSTD, and EQSTS represent C, D, and S, respectively, in the Hugoniot

pressure-compression relation P,, = Qu + Dli 2 + Sp3 where A = V0 /V- I. V0 and V are the initial
and final specific volumes, respectively. For HF-I steel (see Figure 12), EQSTC = 1.605 x 1012

dyne/cm2, EQSTD = 3.561 x 10, 2 dyne/cm 2 , and EQSTS =3.683 x 1012 dyne/cm 2. The
parameters EQSTE, EQSTG, and EQSTH are the sublimation energy, Griineisen parameter, and

the vapor expansion coefficient, respectively. The sublimation energy was taken as 7.36 x 1010
erg/g.1 , 8 The Gr'ineisen parameter t is calculated from the equationy30 --C0/Cp where 13 is the
volume thermal expansion coefficient,-C is the specific heat at constant pressure, and C0 is the

bulk sound speed. For iron at 25°C,-the linear thermal expansion coefficient is 11.7 x I0- 6 *K-
and the specific heat at constant pressure is 0.448 x 107 erg/g-oK.I 9 From Figure 10, CO = 4.60
km/s for HF-1 steel. Using these values the Gr'neisen parametter -'0 is 1.66. The parameter
EQSTH = 0.25 for metals.1 The TSRl and TSR2 lines give the dynamic fracture parameters (see

Table 11) and other input parameters for the BFRACT2 subroutine.T The two YO values
represent the HF-I steel yield strength and shear modulus. The yield strength Y was calculated-
from the -deviator stress a = 0.907 GPa (see Figure 12) using the-equation Y = (3/2)a This

gives Y= 1.361 x 1010 dyn/cm 2. The-shear modules G is obtained-from-the equation D =(4/3)G

lie/(L + le) where /e = 0.00867 is the -F-I steel elastic limit compression. Using this and the
value for-IUD gives G = 7.912 x 101- dyne/cm 2. The number of computational cells and thickness
for an impactor and specimen are givenin the last two lines of a PUFF listing, respectively.

Appendix H gives computed- stress, particle velocity, and crack concentration versus time
plots for the cell of maximum damage -for the HF-I steel spall fracture shots. Appendix I gives
computed stress, particle velocity, and crack concentration versus-time plots for each impactor
and specimen computational cell for the HF-I steel, heat treatment B, Shot 144. This appendix is
included so that selected shock histories-can-be observed for all computational cells for a typical

shot. Figures 26 and 27 give propagation-direction stress histories and crack concentration

histories, respectively, for selected computational cells for this shot. These figures were con-
structed from some of the plots in Appendix 1. They indicate in a graphic manner the time

evolution of these selected properties.
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Figure 26. Computed stress-time profiles for-selected computational cells for the HF-1 steel, 7
heat treatment B, specimen in Shot 144. The stress is parallel to the shock
propagation direction. The cell numbers are indicated on the profiles. This figure
was constructed from plots in Appendix I.
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Figure 27. Computed crack concentration-time profiles for those computational cells in which
tensile fracture occurred for the HF-1 steel, heat treatment B, specimen in Shot 144.
The cell numbers are indicated on the profiles. This-figure-was constructed from
plots in- Appendix I. 41
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In Table 7 of Section V, it was pointed-out that for some of the shots for both heat treat- J
ments of HF-I steel some cracks occurred along the stringer impuritie-in tie material. A total-of

44-stringer cracks were counted for heat treatment A material. This-corresponds to about 5% of

the total number of digitized cracks for this-heat-treatment. The stringer-cracks were in most cases

parallel to the shock wave propagation direction. We were interested-in determining the signifi-

cance of the stringer cracks on the computed- dynamic fracture parameters. The fracture para-

meters for heat treatment A material with stringer cracks excluded were therefore determined-for

comparison with the parameters in Table -11. Appendix J contains the- tables and figures -for this

computation. With the exception of an appreciable decrease in the nucleation threshold rate-N0,

the exclusion of the stringer cracks did not significantly affect the dynamic fracture parameters-for

heat treatment A material.

VII. ARMCO IRON FRAMING-CAMERA EXPERIMENT

In this section, the results of a framing-camera experiment -for an -explosive-filled Armco

-iron cylinder are presented; The cylinder had inside-and outside diameters-of 76.2 and I 4.3'mm,

respectively, and was 381zmm -long. It was-filled with 4.10 kg of cast-in-place compositionB ex-
plosive that extended -beyond the cylinder -to- minimize end effects. Figure 28 shows--the

-explosive-filled cylinder prior to detonating the explosive on the right end. The explosive extended
-64 and 90 mm beyond-the -cylinder on the right- and left ends, respectively. Large and small grid-

patterns were placed on -the cylinder surface -in an attempt to measure the strain history of:the

-e- tmnding cylinder -using- the Moire interference -technique. This procedure (described in-detail in
'rences 5 and6) -was-not successful because-there was insufficienptdetail in the film to resolve

-the interference patterns. The Moire grid patterns, which extended -1-91 mm along the cylinder

-axis, -can be seen in the-middle of the cylinder:inFigure 28. The gross strain history of the cylinder
-was obtained by measuring its -diameter in -the framing camera photographs. A square grid-pattern

with a 25.4-mm spacing was-placed behind the cylinder for reference.
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Figure 28. Framing camera photograph of Armco iron cylinder prior to detonation of the
composition B explosive.

The Armco iron framing camera photographs are given in Appendix K. The cylinder outer

radius was measured at a point near its mid-length on 21 photographs. Table 12 summarizes

the measurements. Figure 29 is a plot of these values as a function-of time. The slope of the radius-

time plot increased-during the initial stages of cylinder expansion (from about 25 to 65 ps). During

the final stages of cylinder expansion (from about 65 to 95 ps), the-slope was essentially constant

at a value of about 1 km/s. The decreased -cylinder acceleration -that occurred during the final

stages of expansion-may be due to explosive relief wave effects from-the ends of the cylinder and

possibly around the-partially formed fragments.

13 1201

~120
710:

N INI 70 - 20

10 20 30- 4 50 SO 70 so 10 00
TIME AFTER EXPLOSIVE DETONATION FRONT ENTERS CYUNOIR fps

Figure 29. Armco iron cylinder outer radius versus time plot. The-data points were obtained
from Table 12. Visible cracks first appeared on the cylinder surface at a radius of
about-65-mm (14% increase in, radius). This corresponds-to about 37 ps-after-the
detonation front entered the cylinder and about 14 ps after the detonation- front
passed the position where the outer radius was measured.
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Table 12. Armco iron cylinder outer radius versus time values near the mid-length position of
the cylinder.

Time After Axial Position of
Explosive Detonation Explosive Detonation Cylinder

Frame Front Enters Cylinder" Front in Cylinder t  Outer Radiusb

No." (Ps) (mm)- (mm)

1 6 47 57.2
2 10 80 57.2
3 14 114 57;2
4 18 147 57-.2
5 23 180 57.2
6 27 214 58.9
7 31 247 60.3-
8 35 281 63.5
9 39 314 65.7

10 43 348 69.4
1-1 48 381 73.3
12 52 - 76.3
:13 56 - -
14 60 - 84.4
15 64 - 87.9
16 68 - 92.2
17 73 - 96.5
18 77 - 100;6 _._

19 81 - 104.3-

20 85 - 108.9
21 89 - 114.3
22 93 - 117.2-
23 98 -
24 102 -

25 106 -

a Twenty-five framing camera photographs were obtained-for the explosive-filled Armco-ircn cylinder experiment. The-time be-

tween frames is 4.17-ps. The zero for the time scale was-taken at the time when -the-explosive detonation front-was located at
-the entrance end of the-cylinder. The detonation front-was assumed to be located at-the-exit end of the 381-mm-long cylinder
-in frame I 1 (see Appendix K).: Using this information and the 8.02-km/s detonation velocity for compositionB explosive2 0 the
time corresponding to each-frame and to the axial- position of the detonation front for-frames I through 10 was obtained,-The
composition B explosive-detonation front entered the end of the cylinder about 8-Ps after initiation of the detonation. The ex-

b plosive extended about 64-mm beyond the end of-the-cylinder on the detonation- side. The photograph for frame-13 is missing.
The cylinder outer radius-was measured at a position of178 mm (or 47%) from the detonation-front entrance end of the cylinder

-(the right end in Figure=28). This position corresponds to-the seventh vertical gradicule line that intersects the top of the cylinder
in Figure 28. Gradiculezlines-0 and 15 correspond -to the right and left ends of thezcylinder, respectively, in this figure. Two
methods were used to measure the expanding cylinder radius: The diameter was measured directly until the lower surface of
the cylinder became- obscured-in frame 20. The position of the upper surface-was measured-from a fixed horizontal gradicule

-line until the upper surface-became obscured by smoke-in-frame 23. The radius values listed for frames 6 through 19 (excluding
frame 13) are average-values-for-these two methods. The values listed for franies'20, 21,-and 22 were obtained-with-the second
second method. The gradicule lines are 25.4 mm apart.
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Figure 30 gives the Arinco iron- cylinder outer radius for various times after explosive de-

tonation. The maximum observed increase in radius was about -150%. The angle 0 between the

expanding outer- surface and the initial position of the cylinder-wall was observed to increase with

time. This angle increased from 0.07 to -0.14 rad in a continuous manner as the outer -surface

moved from its-position at 14 ps to-its position at 106jps. The Taylor formula, 2 1 V = 2D sin(0/2),

where D is the explosive detonation velocity, can be used to estimate the cylinder velocity V dur-

ing the final-stages of cylinder expansion.-Using 0 = 0.14 rad and-D-= 8.02 km/s for composition B

explosive20 gives V = 1.1 kin/s. This value- is in good agreement-with the velocity value ofl kin/s

estimated from Figure 29.

200 +-172

112O -11 tloc- -81- .O6/s

.- --- -4.8A--9811-- - - _-65i,2uu -0 ------- ---- - -57 cc

/,I il -u;21 1u-I --- us5 =

'2 -t: ,ti - z.
IC - -2-zz

381 318 254 191 127 64 0
DISTANCE ALONG CYLINDER (mm

Figure 30. Armco- iron- cylinder outer-surface at various times--after -explosive detonation-. All

times-are measured with respect to when the detonation front entered the-cylinder.
helposition of the detonation-front in the cylinder is-also given. The cylinder surface

is repreqsented by a dashed line when cracks were observed at that position. The
surface positions at the times 14, 31, 48, 64, 81, 98, and 106 As correspond to
framingcamera photographs 3, 7, 11, 15, 19, 23, and 25, respectively, vfhich are
presented in Appendix K.
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Figure 31 shows the initiation and growth of a series of Armco iron cylinder surface-cracks J
as a function of time. The cracks were first observed about 40 to 50 ps after the detonation

front- entered the cylinder. They may have been initiated-sooner but were not visible. About 20

surface cracks were initiated in the-reginn of observation.The-cracks were about 10 to 20 mmin

length. After about 60 js of growth and coalescence, the number of surface cracks decreased to

about half the original number, but-the average crack lengthincreased to about 30 to 50 mm. This

type of crack data may be more apriropriate for obtaining dynamic fracture parameters for use in

exploding cylinder simulations than the one-dimensional spall frature experiments described in

the previous sections. The dynamic-fracture parameters may-be very different for the two types of

experiments. Fewer cracks would -probably be produced for-framing camera experiments-(tens of

cracks-over a large area in Figure 3]1) as compared to spall -fracture experiments (in some cases,

hundreds of cracks in a small-area, see Appendix E) due to the-different strain rates. It- may also

be-possible to use -framing camera-cylinder experiments to- observe-the growth and coalescence.of

surface shear cracks for those materials in which shear fractures-occur through the entire-vall-

of the-cylinder.

VIII. EXPERIMENTAL DETERMINATION OF FRAGMENT MASS DISTRIBUTIONS

A series of Armco iron and -IP-1I steel exploding cylinder-experiments and an IF-1--steel

projectile experiment 22 were -performed- to provide fragment-mass-distribu tions for comparison

with -the computations and for -future -model development of the fracture proccsses. These ex-

periments- were conducted at the-NSWC-Sawdust Pit Facility. 23 -Table 13 gives the configuration

details -for the experiments. A schematic of an explosive-filled -cylinder experiment is shown-

in- Figure 32. The cast-in-place composition B explosive extended-beyond the cylinder to minimize

end effects. Figure 33 shows the explosive-filled I-IF-I steel- cylinder for experiment 5. A -pro-
jectile-similar to the one used iniexperiment 7 is shown in-Figure-34. The projectile was sectioned-

-to show its inner surface and- wall-thickness.

46

-W -MR



- . - -" _- - --

lips,
11p2Sps

- --lips.

cips 8lps

.. 4I Ip u s

... .--" 8p

Uips 32ps 4ps
I I

C ps$ 4is p s ,
I .. .....~ _ _ '- ...

- - - p 7

I msT~cI Io ~mfo

-Figure 31. Evolution-Of Armco iron cylinder -surface cracks as a function- of -time. The times

after t -heideton -ation wave has entered~hemclinder are given-in the-upper right corner
of -each frame. The times at 127 and 247-mm on each frame-corepond to the times

{ after the~detonation front has reached these positions, respectively. The calculated
iposition Of~h -e detonation front- is-shown -in the first three frames. The position of the-
i-cylinder -outer -surface is shown-in-each -frame. A dashed line-rep-resents-the surface
j-' after cracks-were observed at that-position. The inner surface-ofthe-cylinder is also
. shown-prior-to shock compression. The sloped dashed line in the-cylinder wall in the
! f first-three frames separates shocked -and unshocked material. The-evolution of a group

of crackS--in the center of the cylinder -is -shown as they becom e visible and grow.
i !'These- frames- (beginning at the bottom) -correspond to framing-Camera photographs 7,

9, 11, 15, 17, 19, 21, 23, and 25,-respectively. The scale for-the-outer radius of the
!' " )cylindepis labeled only in the first-frame,.
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Table 13. Configuration details for explosive-filled cylinder and projectile experiments.

Explosive Mass.

Inside Outside Wall -Explosive Fraction of to Metal

Experiment Configurationi Length Diameter Diameter Thickness Mass Massb Explosive Mass Mass Ratiod

No.a  and Material (mm) (mm) (mm) (mm) (kg) Hardness (kg) Inside Cylinderc (C/M)

I Arnco Iron Cylinder 203.0 76.2 114.3 19.1 9.13 RB40 2.7S 0.57 0.17

2 Arinco-Iron Cylinder 203.0 76.2 114.3- 19.1 9.16 RB40 2.77 0.57 0.17

3 ilF-I Steel Cylinder, 203.0 76.2 120.7 22.3 10.94 RC39 2.75 0.57 0.14
Ileat Treatinent A

4 ill1:-lSteel Cylinder, "13.0 76.2 120.7 22.3 10.96 RC39 2.75 0.57 0.14
Ileat Treatment A

5 II-l'-Steel Cylinder, 202.3 75.9- 120.0 22.1 10.57 RC3 6 ' 2.76 0.57 0;35
IleatTreatment B

6 IIF-I Steel Cylinder, 202.4 75.9 120.4 22.3 10.77 Rc3 6 ' 2.68- 0.57 0.14
IleatiTreatinent B

7f  iF-lSteel Projectile 5 6 5 .4g 90.1h1 1 2 6 .1h 18.0 h 25.21' RC38 - 39  3.11- Not Applicable 0;12'-

a L ,plosivc experiments-I through 7 correspond, respectively, to NSWC/DL i'ragmentation Tests 2872, 2873, 2874, 2875, 2924, 2925, and 2824.

SbCast-in-place composition B explosive was used in experinents I through 6. PBXN-106 explosive cast in a 0.20-kg mass, 1.52-mm-thick
polyethylene encapsulating beaker was used in experimient.

C To minimize end- ffctstle explosive extended approxinately 90-mm beyond the end of the cylinder on the detonator end and approximately

64 inu beyond -the end of the cylinder on the opposite end. The diameter of the explosive was the-same both inside and outside the cylinder.
The inside surface-of each cylinder was painted with MILC-450 cavity paint prior to inserting- thecomposition B explosive. The explosive was

d detonated with an-Engineer's Special blasting cap that was placed in a 7.14-nindiameter by 6.35.ini-deep liole in the end of the explosive.
For the cylinder experiments, calculated using the estimated explosi'e mass inside the cylinder.
Average of nine icasurenuents on each end of the cylinder. The hardness measurements -varied- from-about KC 35 to 37 front the inside to the
outside cylinder wall;The projectile- was nose-initiated with an M564 fuse that had been-modified for still detonation. Tie fuse mass was 0.84 kg. In addition to the

hardness values listed -inthis table, other mechanical properties of the projectile material include the-following: 1.06-GPa 0.2% yield strength,
1.2-GPa ultmatu- tensile strength, 8-9% elongation, and 14-18%-reduction in area. The projectile dimensions listed in this table were not measured
for the projectile-used in experimeit 7 but for a -projectile froth thc same lot. The diameter and-thickness -tolerances between projectiles are a-
few percent

g Length of-the assembled two-piece projectile, but not-including the length of the fuse.
These values correspond to the 102-,nm-long uniforr region of the aft projectile section beginning at-the joint.

Sum of masses of the forward (11.59 kg) and aft (I 3.62kg)-projectile sections.
J The C/M ratio for the -102-ininlong uniform region of-the-aft-projectile section is 0.21; this value-was obtained by using 7.77 and 1.64 Mg/m 3,

respectively, for the densities of ltF-I steel and PBXN-106 explosive.
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Figure 32. Schematic of explosive-filled cylinder experiment.

1)

After detonation the -fragments for each experiment were captured in a large volume of

sawdust and then recovered by mechanical screen and :magnetic separation techniques. Mass

distributions were determined- by weighing and countingthe fragments. Fragments smaller-thanI-
I- gr (0.0648 g) were not-counted due to their large -numbers.-At least 98.9% of the metal-mass

was recovered in all the-experiments. For these thick-walled_-cylinder and projectile experiments

-both brittle and shear fracture-surfaces were observed.

'he observation of brittle and shear fractures in cylinder fragmentation was reportedin the 4

eatiy work of Mott.24 For the purpose of the present work a -fragment classification-scheme was

-devised to further characterize the recovered fragments according to their cylindrical and fracture

surfaces. The brittle fracture surfaces usually occurred near -the cylinder (or projectile)-outer

surface; the shear fracture surfaces-usually occurred nearthe-cylinder (or projectile) inner surface.

Table 14 defines the eight fragment types. Schematic examplesof these fragment types are-given

-mnFigure 35. Photographs-of -the fragment types from -the Armco-iron and [IF-I steel cylinder

* - -49



(a)

(b)

Figure 33. Explosive-filled HF-1 steel cylinder with heat treatment B-for experiment 5. (a) After
fabrication and (b) in-styrofuam box with lid :removed prior to filling of sawdust
recovery pit.

050

-



)

(a)

I~

(b)

Figure 34. Photographs ofU(a) outer surface and (b)-inner surface of sectioned HF-i steel pro-
jectile with heat treatment A.

-experiments are given in Appendix L. Figure 36 is a schematic of a cross section through the

cylinder or projectile wall showing the possible formation of the fragment types during-fragmen,

tation. It is not known whether all the fragment types were- formed at about the same time-after

explosive detonation or whicther they were formed at different times. It may be possible that

many type I and type 2A fragments formed initially and-then-later broke up into fragmenttypes

2B, 3A, 4A, and 4B. A fragment characterization scheme:that-is similar to the present-one, but

limited to four fragment types, has been independently devised2S

Appendix M contains-the detailed results for the experimefits. Tables M-1 through M-W7 give

the mass distribution results for -the typed fragments for each experiment. Tables M-8 through

M-14 give dimension measurements and strain calculationsfor selected type 1 fragments from each

experiment.
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Table 14. Definitions of fragment types used for characterization of recovered fragments
from the explosive-filled cylinder and projectile experiments.

Fragment

Type Definition"

I ~Has both -the inner and outer surfaces of the cylinder

(or projectile). Usually has brittle fracture surfaces
near the -outer surface and shear fracture surfaces near
the innerasurface.

2A Has the -outer surface of the cylinder (or projectile),
and bothbrittle fracture (usually-near the outer surface)
and shear fracture surfaces.

2B Has the- -outer surface of the -cylinder (or projectile),
and only brittle fracture surfaces.

3A Has the -inner surface of the cylinder (or projectile),
and both- -brittle fracture and- shear fracture (usually
near the-inner surface) surfaces.

3B Has the -inner surface of the'cylinder (or projectile)
and only shear fracture surfaces.

4A Has only'brittle and shear fracture surfaces.

4B Has only~brittle fracture surfaces.

4C Has-only shear fracture surfaces.

a These definitions do not include the fragment end surfaces (the end surfaces were usually perpendicular to the cylinder axis). The
fragment end surfaces usually were:brittle- fracture surfaces. Sometimes a fragment end surface contained the end surface-of the
cylinder or a shear fracture surface.
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TYPEI TYPE 2A TYPE 3A TYPE 4A

t.I I +

TYPE 21 TYPE 41

e TYPE 35

TYPE I TYPE 2A TYPE 3A TYPE 4A
0 0 0

I Il I I

-TYPE 2B

S I l l '" ,IR

TYPE 31 TYPE 41
I 0l

I $ I

TYPE 4C

SIGE VIEW END VIEW SIDE VIEW- END VIEW SIDE VIEW END VIEW SIDE VIEW END VIEW

Figure 35 Schematic examples of-fragment types from-the (a) Armco iron and (b) HF-i steel
cylinder experiments. These examples may not correspond -to the most common
fragments of a given type. The inner, outer, and end surfaces of the cylinder are
indicated-by the letters-I, 0, and E, respectively. Brittle and-shear fracture surfaces
are indicated by the letters B and S, respectively. Two-views are shown for each
fragment; a side view (looking perpendicular to the cylinder axis), and an end view
(looking: parallel to the-cylinder axis). The shear fracture -surfaces mde angles of
approximately 450 with the inner cylinder surface (fragment end view). No type
4C fragments were observed for the Armco iron experiments.
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CYLINDER OR PROJECTILE
OUTER SURFACE r

2B 2A I2A 2B BRITTLE

FRACTURE

CYLINDER OR PROJECTILE
INNER SURFACE

Figure 36. Schematic through cylinder or projectile wall showing the possible formation of
fragment types from the intersections of brittle and shear fracture surfaces. The
fragment types are defined in Table 14.

Figure 37 is a semilogarithmic plot of the number-of fragments with-mass greater than m

versus- -the square root of -the -fragment mass for -each- experiment. Mott and-=Linfoot 2 6 found

experimentally that the -fragment-mass distributions-fornmany projectiles and-cylindrical warheads

-could -be approximated by-an-empirical equation of-the4form

N(> in) = N. exp [-(m/p)'A ] (4)

tiiwhere N (>ml) is the number-ffragments with mass-greater than in, No is -the-total number of
fragments, m is the fragmentmass, and p is a fragmentation size parameter. Exponents other than

-1/2 have been used in Equation (4) for representing fragment mass distribution-data. 6 Figure 37

suggests that Equation -(4)-may -not- adequately represent the- fragment mass distribution data for

the present experiments, -except- -possibly for the Armco-iron experiments, if the- small fragment

masses are excluded. Fragment -mass distribution results are plotted versus the-fragment mass in

-Figure 38. Figure 38(a)- -is -a- plot of the number of fragments with mass -greater -than in and

Figure 38(b) is a plot of the~average number of fragments per l-gr interval. To-construct Figure

38(b)- some of the mass -groups -for an experiment -(given in Tables M-i- through M-7) were

combined into larger mass groups-before calculating the-average number of fragments,- especially if

-the smaller mass groups-had-only a few fragments. The-values in Figure 38(b)-were-plotted at a

fragment mass correspondingto-the midpoint of the-appropriate mass group. Figure-38(a) suggests

that for the HF-I steel- cylinder -experiments an exponent-of I rather than 1/2 in-Equation (4) is a
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more adequate representation of the fragment mass distribution data. Table 15- summarizes the

average fragment mass results for the cylinder and projectile experiments. The average fragment

masses arc 97 gr for the Armco iron-cylinder experiments, -15 gr for the HF-I-steel, heat treatment

A, cylinder experiments, 12 gr for the-HF-I steel, heat treatment B, cylinder experiments, and 21
gr for the I1F-I steel, heat treatment A, projectile experiment. The HF-I steel cylinder results

indicate that- heat treatment B material is more brittle thanzheat treatment A material.

(FRAGMENT MASS MGRAM)J2
1- 2 3 4 5 6 7 -8- 9 10100,000-

o EXPERIMENT I, ARMCO IRON-CYLINDER

z .- EXPERIMENT 2, ARMCO IRON CYLINDER

- - EXPERIMENT 3, HF-i STEEL CYLINDER, HEAT TREATMENT A

10,000 • EXPERIMENT 4, HF-i STEEL CYLINDER, HEAT TREATMENT A-
ao EXPERIMENT 5, HF-I STEEL CYLINDER, HEAT TREATMENT-B

=--EXPERIMENT 6, HF-I STEEL CYLINDER, HEAT TREATMENT-B-
LU
cc _- EXPERIMENT 7, HF-i STEEL PROJECTILE, HEAT TREATMENT A

U,

10002E

Uz== 100

-
100V EXPS 1 AND-2

0

0 5 10 15 20 25 30- 35 40
(FRAGMENT MASS M, -GRAIN)/

Figure 37. Fragment mass distributions (versus the square-root of the fragment mass) for the
cylinder and projectile-experiments.
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Figure 38. Fragment-mass distributions -(versus the fragment-mass) for the cylinder-and pro-
jectile -experiments. (a) Cumulative number of -fragments. (b) Average -number of
fragments-.
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It can be shown that the fragmentation size parametert -in Equation (4) is related to thc
average fragment mass in, where

f 00dN
m=n (5)

fdN

Here dN is the-number of fragments between m and m + din. From Equation (4) dN-= N0 e-Xdx
where x has been substituted for (m/p)'A. Equation (5) then becomes

# fe-X x2 dx
= o (6)

r e- dx

Evaluating the -integrals gives y = ii/2. -It is possible to derive-a general relationship -between

y and 75 to account for the different-exponents that can be used in Equation (4). Rewriting

Equation (4) for a-general exponent gives-

N (->)- = NO exp [ -(m/),in-], (7)

where n = 1, 2, 3 .... Using x = (m/p) 1 In, Equation (5) becomes

_ Je-x xn dx
- 0M-= (8)

fe -x dx
0

Evaluating Equation (8) gives p = i/n! . Therefore, for exponents of I and 1/3 in-Equation (7)

A = in and iii/6,-respectively.
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Table 15. Average fragment mass-results for cylinder and projectile experiments.

Average Fragment
Total Number Fragment Mass Greater Mass for Fragments Total Recovered

Experiment of Fragments than I gr a Greater than I p Fragment Massb Fraction of Metal
No. Greater than I gra  (kg) (gr) (9) (kg) Mass Recovered

1395 8.99 99.5 6.45 9.08 0.995

2 1457 9.01 95.4 6.18 9.12 0.996

3 10181 10.33 15.7 1.11 10.89 0.996

4 10740 10.32 14.8 0.96 10.93 0.997

5 12132 9.70 12.3 0.80 10.46 0.989

6 12927 9.88 11.8 0.76 10.65 0.989

7 16403 22.23 20.9 1.36 25.07 -0.994

a Fragments with a mass lesn-than I gr (0.0648 g) were not counted.
bApproximately 1. 5, and 7% of the total recovered mass was in the 0 to l-gr mass group for cylinder experiments land 2, 3 and

4, and 5 and 6, respectively. Approximately 31c of the total recovered fragment mass was in the 0 to l-gr mass group for the
projectile experiment 7.

C Includes only fragments fromn the forward and aft projectile sections and not the fuse fragments.

Figures 39 through 42 give the fragment mass distribution-results for the typed fragments

for the cylinder and -projectile experiments. Fragment types 2, 3, and 4 are the sums of types

2A and 2B, types 3A and 3B, and types -4A, 4B, and 4C, respectively. Table 16 summarizes the

results for the typed- fragments for the experiments. The average -fragment mass results for the
-typed fragments are-given in Table 17.

For the Armco-iron cylinder experiments only type 1 fragments were observed for the larger

fragment masses. For experiment 2, fragment types 2, 3, and-4 were observed for fragment masses

less than about 400; 200, and 25 gr, respectively. No type 4C fragments were observed-for this

experiment. The number of type I fragments -increased with decreasing fragment mass-except for

the smallest masses. About 25% of the-recovered fragments were -type 1. For the HF-- steel, heat

treatment A, cylinder experiment 4, fragment types 1. 2, and 3 were observed for -the largest

fragment masses. Type 4 fragments were observed for masses less than about 125 gr. Fragment

types I and 2 were-observed for the largest fragment masses forthe heat treatment B, experiment
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5. Fragment -types 3 and 4 were observed for fragment masses less than about 175 and 105 gr,

respectively.Only about 1% of tie fragments from tile HF-I steel cylinder experiments were type 1.

About 35% of the fragments were-type 4 as compared with about 4% type 4 fragments from the

Armco iron experiment 2.

For the- projectile experiment 7 only type I fragments were observed forzthe-larger fragment

masses. Fragment types 2, 3, and=4 were observed for fragment masses less than-about 550, 450,

and 150 gr,-respectively. Almost-all of the large type- fragments originated-from the nose region

of the projectile. The reconstructed- nose is shown -i Figure 43. The reconstructed nose mass was

about 2.5 kg, which corresponds-to- about 10% of the- initial projectile mass. Since the nose region

of the projectile was not in direct contact with the--explosive charge, thisregion was probably

subjected to a lower strain rate than the remainder -of the projectile. Figure 44 shows that the

projectile -fragment mass distribution is changed appreciably if the large -nose fragments are
excluded. The- mass of the largest fragments decreases-froin-about 1600 to-800-gr. The mass of the

largest fragments for the cylinder- experiments was about400 gr.
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Figure 39. Fragment-mass distributions for the-Armco -iron cylinder experiments.
(a) Cumulative- number of fragments. (b)zAverage number of-fragments.

60

K 1 = -- 7

-:,01- - I . 2-----



FRAGNENT MASS M (hNI
0 312is 20 24

7 N-1 STEEL CYTUNNS
NEAT TUEATMENT A

ExpENIUNT 3

: TITAL

t.PTMNTT

FUASMNT MAS U(11K'

0 4 0 12 ITYPE 4

ETYPE EN

FRAMET MSS[N INT

MTOAL
a TIP[ I

100 *TYPC 3

10 .-TITAL

0 50 - 100 150 200 - 250 300 350 - 400
001~ FRAGMENT MASS (URAN)

Figure 40. Fragmentt mass distributions for the -HF-i- steel, heat treatment A,-cylinder experi-
-et.()Cumulative number of fragme nts.-(b) Average number-of fragmns
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Figure 41. -Fragment -mass distributions--for the HF-I steel, heat treatment -B,-cylinder experi-
ments. (a) Cumulative number-of fragments. (b) Average -number of fragments.
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Figure 43. Photographs of the reconstructed nose for the projectile-experiment. A sectioned
forward projectile piece is compared with the reconstructed- nose in (b).
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Figure 44. Comparison of fragment mass- -distri butions for the -HF-1- steel, heat treatment A,
cylinder experiments and the-projectile experiment excluding 41-large nose fragments.
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The dimension measurements given in Tables M-8 through M-14 for selected type I

fragments from the cylinder and projectile experiments include the -fragment mass, wall thick-

ness, maximum fragment width and length, and average fraction of wall-thickness with brittle

fracture. Radial and plastic strain values were-calculated using the initial and final wall thickness

values. The measurements and calculations- are summarized in Table 18. The values for the

average fraction of the wall thickness with brittle fracture are 0.56,-0.76, and 0.80 for the Armco

iron, HF-I steel with heat treatment A, and-HF-I steel with heat-treatment B cylinder experi-

ments, respectively. This value is 0.69 for fragments from the central uniform region of the

HF-I steel projectile. These results agree with the decreased ductility of these materials as given

by the percent elongation values in Table 3. Average engineering radial-strain values for the type I

fragments from the Armco iron, HF-I steel with heat treatment A, and H1F-I steel with heat

treatment B cylinder experiments are 0.35, 0.12, and 0.13, respectively. This value is 0.1 1

for fragments from the central uniform region of the HF-I steel projectile. It is possible to

estimate the final- outside diameters corresponding to these residual strain values using -the

formula (do - ao)-a- = (dr - af) af. Here-d o and dr are the initial and-final outside diameters,

respectively, and ao and af are the initial- and -final wall thicknesses,-respectively. This formula-

was obtained by -assuming that the cross-sectional area of the cylinder or projectile remained-

constant during explosive expansion. Using-diameter and thickness values from Tables 13 and -18,

the average percentl ncrease in the outside-diameters corresponding tothe-residual strain values-is

39, 8, and 10% for the Armco iron, HF-1 steel with heat treatment A,and HF-I steel with heat

treatment B cylinders, respectively. The percent increase for the -HF-I steel projectile is 9%.

These results indicate that during explosive- expansion the Armco -iron -cylinders were at - much-

larger diameter than the HF-I steel cylinders-and projectile when the-increase in the plastic radial

strain effectively-ceased.
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Table 18. Summary of measurements on type 1 fragments from cylinder and projectile experiments.'

Average MAXImum
Total Number Number of Fragment Wall Fraction ofWall Fragment Fragment Engineering True Homogeneous

Experiment of Type I Type I Fragments Mas Thikknes • Thknruesa with Width
€  

Leothd Radial Radial -pltic

No. Fragments Measured (11) (J) (mm) Britle Fraclureb (mm) (mm) Steln Strain Strad.1

I 206
h  25 550.11 35.641 12.6 0.53 9 66 0.34 0.42 0.72

17

2 195 2.5 575.71 37.311 12.3 0.57 10 72 0.36 0.45 078

17

3 33
h  33 191.9 12.43 19.7 0.77 8.3 21.8 0.12 0.12 0.22

9.9

4 25 23 175.9 11.40 19.9 0.75 6.9 21.0 0.11 0.11 0.19
8.7

5 55 55 146.1 9.46 19.0 0.80 7.3 19.4 0.14 0.15 0.26
9.2

6 49 49 161.3 10.48 19.3 0.80 7.9 21.4 0.12 013 0.22
10.0

7 472 10 203.71 13.201 16.0 069 11.0 40.9 0.11 0.12 0.20

8.4

SIC 8.7 0.90 6.6 19.3 0.10 0.10 0.17
6.5

31 7.3 0.78 5.5 19.1 0.16 0.18 0.30

5.6

3 The values listed in tls toble are average values for the fragment measurements given In Tables M.8 through M.14.
bThese values are the average of measurements from the cylinder (or projectile) outer surface to the beginning of the shesr fracture surface on each side of the fragment.

SiThe estimated uncertainty in these values Is 10.20%.
The two values listed sre the average maximum widlh of the brittle fracture region neat the cylinder (or projectile) outer surface and the average maximum ividth of the
shear fracture region near the cylinder (or projectile) Inner surface.

dThe fiaqrent length Is parallel to the cylinder (or projectile) axis,
The en9ineerzing radial strain is (o-2f)f/ o where ao and af ate the Initial and final wall thicknesses, respectively.

The srue radial strain
3 

is-in (adao).
8 The homogeneous plastic strain3 Is - N63 ln(af/ao),

Sic fragnents were removed from the distribution pior so the ctaracterization of the fragments: therefore the to1I number of type I fragments may be greater.A Average value for total number of type I fragments.
kriagments from the 102-rh-long uniform region of the aft projecti!: section.
t Fragments from thejoint region of the forward projectile section.
Fragments from the joint region of the aft pxojeetde section.

it I
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IX. COMPUTATION OF FRAGMENT MASS DISTRIBUTIONS

In this section, computed fragment mass distribution results are presented for Armco iron

and HF-I steel explosive-filled cylinders and an HF-I steel projectile. The computations are

compared with the experiments of the last section. Cylindrical PUFF and TROTT computations

were performed to simulate the exploding cylinders and the projectile, respectively. The fracture

processes were simulated with the BFRACT2 brittle fracture model andthe SHEAR2 shear band

model. Brittle and shear fracture crack distribution results were obtained from the computations.

Fragment mass distributions were then calculated from the crack distributions.

Computer listings of the input parameters and the output results for the PUFF and TROTT

computations are given in Appenidix N. Four computations (Figures-N-I, N-2, N-3, and N-6)-

were performed using the BFRACT2 model to simulate the fracture -processes (the recovered

fragments had more brittle than shear fracture surface area, see Table 18). These computations

were for explosive-filled cylinders of Armco iron-and HF-I steel with heat treatments A and B, and =

for an HF-i steel projectile-with heat treatment-A. Two computations (Figures N-4 and N-5) were
performed using the BFRACT2 and SHEAR2 fracture models together(the recovered fragments

had both brittle and shear fracture surfaces). These computations were for explosive-filled

cylinders of HF-I steel with heat treatments A and B.

Input parameters for the composition- B explosive, for Armco iron (excluding the yield

strength, nucleation -threshold stress, and strain hardening parameter), and for the HF-i steel-

SHEAR2 subroutine were obtained from Reference 1. The PBXN-106 and CH6 explosive input

parameters and the cell and coordinate layout for the projectile computation were obtained from-

Reference 3. The HF-I steel input parameters for the Hugoniot equation of state and for the

BFRACT2 subroutine (excluding the nucleation threshold stress) were obtained from Sections-IV

and VI, respectively. The longitudinal-direction yield strength values of 0.18 and 1.04 GPa for

Armco iron and HF-I steel with heat treatment A, respectively, obtained-from Table 3, were used

in the computations. The transverse-direction yield strength values in Table 3 were not used, since

only isotropic material properties can be treated in the computations. The longitudinal tensile-

pull direction is parallel to the cylinder axis for the exploding cylinder experiments. Since a

longitudinal-direction yield strength value was-not determined for HF-I steel with heat treatment

B, the heat treatment A value was used for all the HF-I steel computations. The larger 1.36-GPa
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yield strength value for HF-I steel determined from the Hugoniot measurements (Section IV) was

used only in the PUFF computations for tile high-strain-rate spall fracture experiments

(Appendix G). Armco iron and HF-I steel nucleation threshold stress values of -0.18 and -1.04

GPa, respectively, were used in the computations. For these simulations, it was assumed that

cracks nucleated when the tensile stress exceeded the yield strength.

Strain hardening parameters for Armco iron and HF-I steel with heat treatment A were

obtained from tile true stress-true strain curves in Figures-4 and 5, respectively. The strain harden-

ing parameter is defined as the increase in the yield strength from P = T EL to P = 0.2, where

the true strain p = Vo/V - I and the elastic limit strain /PL = Y/(2G)Y Here V. and V are the

initial and final specific volumes, respectively, Y is the initial yield strength, and G is the shear

modulus. An Armco iron strain hardening parameter of 0.21 GPa was obtained-from Figure 4 from

the difference in the true stress value of 0.39 GPa at p = 0.2 and the elastic-stress value of 0.18

GPa at PEL = 0.001. An HF-I steel-strain hardening parameter of 0.94 GPa was obtained from

-Figure 5 from the difference in the extrapolated true stress-value of 1.98 GPa-at = 0.2 and the

-elastic stress value of 1.04 GPa at PE L = 0.007. (The extrapolated stress value-was obtained by

fitting a straight-line through the elastic stress and strain values and the 1.41-GPa-stress and 0.0804

strain values at fracture.)

The crack distribution output results for the computations are given -in Figures N-I (b),

N-2(b), N-3(b), N-4(b), N-5(b), N-6(b), and N-6(c). Results are given for each computational cell

containing Armco iron or HF-I steel. These results are summarized and average-crack distribution

values for the metal cylinder or projectile are given in Tables0-1, 0-3, 0-5,-0-7,-0-9, and 0-11.

-For each simulation the average crack density (N0) and the-average crack radius (R ) are obtained

for the activated cracks with each orientation by averaging the crack distribution values for the

-computational cells. These average values-are obtained from the equations

SNo, Vi

- (9)
71 V.. v

and

ZN 0 i Vi R(1 = i(10)
ZNo, Vi
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where N 0 and R, arc the crack density and average crack-radius, respectively, for each computa-

tional cell and V. is the cell volume. The summation is over the appropriate computational cells.

The No and R, values obtained for each computation are given as footnotes -in the tables in

Appendix 0. -Figure 45 gives plots of the brittle axial and brittle circumferential crack

distributions for the Armco iron- and HF-I steel cylinder computations, and the brittle

circumferential crack distribution for-the HF-I steel projectile computation using the BFRACT2

subroutine. Figure 46 gives plots of the brittle axial, brittle circumferential, and shear crack

distributions for the HF-I steel cylinder computations using the BFRACT2 and SHEAR2

subroutines. For each computation, more axial cracks were-activated than circumferential or shear

cracks. Figure 46 indicates that -for -the HF-I steel cylinder computations tle-number of shear

cracks is a few orders of magnitude less than the number of axial or circumferential cracks, but the

average crack radius is larger.

1010I I

ARMCO IRON CYLINDER
109  ARMCO IRON CYLINDER HF-1 STEEL CYLINDER

/ AXAL CACKSHF-I STEEL PROJECTILE

106

107

,10 HF-I STEEL PROJECTILE
-CIRCUMFERENTIAL CRACKS-

CM- HEAT TREATMENT A-

105  HF-I STEEL CYLINDER
. AXIAL CRACKS-

HEAT- TREATMENT A

10 f t r EATTmTMENT u

Figure 45. Brittle fracture crack-distributions for the Armco iron and HF-1 steel cylinder PUFF
computations an _o h HF-i steel projectileTR Tcoptinusgth
BFRACT2 subroutine. These average crack distributions were determined from the
results in Tables 0-1, 0.3, 0-5, and 0-11.
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Figure 46. Brittle and shear fracture crack distributions-for the HF-i steel cylinder PUFF com-
putations using the BFRACT2 and SHEAR2 subroutines. These average crack-dis-
tributions were determined from the results-in Tables 0-7, and 0.9.

In the SHEAR2 subroutine, shear bands nucleate when the plastic shear strain exceeds a

-threshold value. -For these HF-I steel computations, a-threshold value of O; 17 was used- since
"contained" exploding HF-I steel cylinder experiments performed at SRI -indicate that shear

bands begin to -nucleate at an equivalent plastic strain--of 0.29 (and therefore a shear strain of

0.29/03- 0.17). 3 For the HF-I steel-cylinder computations using tile BFRACT2 and SHEAR2-

subroutines, brittle fracture began at the -outer cylinder surface and propagated inward and shear

bands began at the inner cylinder surface and propagated -outward. Brittlefracture was nucleated

-in 40% of the HF-I steel computational cells; shear-bands were nucleated-in the remaining- cells.

For the recovered HF-I steel type 1 fragments, brittle-fracture extended--from -the outer surface

inward for about 75 to 80% of the wall thickness; the remaining 20 to 25% of the wall thickness
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was shear fracture (Table 18, Figures L-9 and L-17). To nucleate brittle fracturein 80% of the

computational cells, it was necessary to increase the plastic shear strain thresholdto 0.45 for the
computations; this corresponds to an equivalent plastic strain of 0.78. Average homogeneous

plasticstraini-valuies of 0.21 and 0.24were obtained for the HF-l steel cylinder fragments with heat

treatments A-and B, respectively (Table 18). These values are somewhat smaller than the equivalent

plastic strain t!reshold value of 0-29 used in the computations. The Armco iron- fragments had

about 75% homogeneous plastic strain.

The computed crack distributions in Figures 45 and 46-were used to calculate fragment mass

distributions- for the cylinders and projectile. All computed-fragments were assumed-to be type 1.

For the computations using the BFRACT2 subroutine, eachtype 1 fragment contained the inner

and outer cylinder (or projectile) surfaces, two fracture -surfaces with brittle axial-cracks perpen-

dicular to the-cylinder (or projectile):axis, and two fracture surfaces with brittle circumferential

cracks perpendicular to cylinder (or projectile) circumfercnce. -For the HF-I steel-cylinder com-

putations using the BFRACT2 and-SHEAR2 subroutines xogether, each fragment-had-two addi-

tional fracture surfaces with shear cracks on planes 450 between the radial and- circumferential

axes. All fragments were assumed to- have no internal cracks and to be formed-from the same

number of surface cracks. In order-to-use all the cracks to -form fragments, each-fragment was also

assumed to -have the same ratio of -the number of cracks-ofeach orientation as determined by the

crack distribution results. Tables- 0-2,-0-4, 0-6, 0-8, 0-10, and-0-1 I give the calculated -fragment
mass distribution results. The detailed -procedure for obtaining-the distributions is-given in foot-

notes in the -tables. For these simulations, an iterative procedure was used-to select the number

of cracks -per fragment. This parameter was varied until-the-calculated fragment mass distribution

gave the best agreement with experiment. Figures 47, 48, and 49 are comparisons of 'the

calculations and- experiments.
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Figure 47. Comparison -of -measured and calculatedifragment mass distributions for the Armco
iron cylinder. The-brittle fracture crack-distributions in Figure 45 were-used to obtain
the calculated fragment mass distribution. The calculations are given-in Table 0-2.
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Figure 48. Comparison of measured and calculated fragment mass- distributions for the HF-i
steel cylinders with heat treatments A and B. (a) The brittle fracture crack
distributions in Figure 45 were used to obtain the calculated fragment mass
distributions. The calculations are given in Tables 0.4 and 0.6. (b) The brittle and

Sshear fracture crack distributions in ziue46 weeused toobtain the calculated

fragment mass distributions. The calculations are given in -Tables 0-8 and 0-10.
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Figure 49. Comparison of measured and calculated fragment mass distributions for the HF-1
steel cylinders with heat treatment A. The brittle fracture crack distribution in Figure 45
was used to obtain the calculated fragment-mass distribution. The calculations are
given in Table 0-11.

The Armco iron computation in Figure 47 is not in good agreement with experiment. Many

more cracks were activated- than- were actually needed to form fragments. Better agreement between

computation and experiment may be achieved if dynamic fracture parameters could be-determined

from framing camera photographs that show the growth and coalescence of exploding

cylinder surface cracks (see Figure 3 1). A computation- using the BFRACT2 and- SHEAR2 sub-

routines -together was also performed for an explosive-filled Armco iron cylinder. It was not-possible

to -calculate a fragment mass distribution for this case since type I fragments could not be formed

because the total computed shear band crak area was insufficient to form fragments. This shear

band crack area was only about 0.8 and 0.2% of the total axial and circumferential -crack areas,

respectively.

The HF-I steel cylinder computations in Figure 48 are in reasonable agreement with

experiment. Auout twice as many cracks were used to form heat treatment A fragments than heat

treatment B fragments. This is due to a larger average brittle crack radius for heat treatment B
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material compared to heat treatment A material resulting from the different dynamic fracture

parameters for -the two heat treatments. A comparison of Figures 48(a) and 48(b) indicates that the

use of the SHEAR2 subroutine in the PUFF computations had a negligible affect on the computed

fragment mass distributions. Appendix P gives the computed stress, particle velocity, and crack

concentration versus time plots for each computational cell for the HF-I steel, heat treatment B,

cylindrical PUFF computation using the BFRACT2 subroutine. Input parameters and output results

for this computation are given in Figure N-3. This appendix is included so that selected shock

histories can be observed in all computional cells for a cylindrical PUFF computation.

Tile calculated and measured HF-I steel projectile fragment mass distributions in

Figure 49 are in reasonable agreement with each other. Since only circumferential cracks were

activated for this- computation, an axial crack distribution equivalent to the circumferential crack

distribution was assumed in order to form fragments. A TROTT computation using the BFRACT2

and SHEAR2 subroutines together was attempted but was not successful due to some unresolved

computer code and subroutine incompatabilities.

Figure 50 is a series of computer plots for the TROTT simulation of the HF-I steel projectile

after explosive detonation. Brittle fracture is initiated in the cells nearest the outer wall and pro-

pagates inward in agreement with proposed fragmentation models.7 Fracture occurs in all cells

except those in the fuse region. Figure 43 shows that the fuse region fragmented into a few tens

of mainly large type I fragments. Tile joint region of the projectile was not simulated in the coin-

tation. Figure 51 is a framing camera photograph of an AISI 3140 steel projectile approximately

72 ps after explosive detonation that is shown for comparison with the TROTT simulation. (A

framing camera experiment for an HF-I steel projectile has -not been performed.) The AISI 3140

material has an R 40 hardness and a !I 00-MPa yield- strength. 28 These mechanical properties are

similar to those for HF-I steel (Table 3). The maximum expansion of the AISI 3140 steel projectile

diameter is about 517. This value is in reasonable agreement with a maximum computational

expansion of 58% at 73 us after explosive detonation for the HF-I steel projectile simulation in

Figure 50.
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Figure 50. TROTT simulation of the exploding HF-1 steel projectile at selected times. The CH6
primary explosive in the fuse is detonated at 0/ps and subsequently detonates the
PBXN-106 secondary explosive. Prior to detonation the light and dark cells are HF-1
steel and explosive, respectively. The dotted cells-represent reacted explosive. As the
detonation front propagates from right to left in the projectile, brittle fracture is
initiatedin- HF-1 steel cells in the outer wall region-and moves inward. The dark HF-1
steel cells indicate that brittle fracture has occurred in these cells. The HF-1 steel
cells in- the fuse region did not fracture and were not used in the calculation of the
fragment mass distribution.
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Figure 51. Framing camera photograph of AISI 3140 steel projectile approximately 78 ps after
explosive detonation. The mechanical properties for this material are similar to those
for HF-1 steel with heat treatment A. Cracks cover the entire surface of the projectile
in agreement with the computer plot at 73 ps after explosive detonation for the HF-1
steel projectile simulation in Figure 50.

IF

X. SUMMARY AND-RECOMMENDATIONS

The fragmentation of Armco iron and-HF-I steel explosive-filled cylinders and an HF-I steel

projectile has been simulated with the SRI PUFF 8 and TROTT computer programs. The

BFRACT2 brittle fracture model and the SHEAR2 shear band model simulated the fracture

processes. Cylinder computations were performed- for two heat treatments of HF-I steel. Gas gun

impact Hugoniot and soft recovery experiments were performed for both HF-1 steel heat

treatments to determine input parameters -for the computations. A series of exploding cylinder

experiments and a projectile experiment were-performed to provide fragment mass distributions for

comparison with the computations. A scheme was devised for characterizing the recovered

fragments from the experiments. A framing camera experiment for an explosive-filled Armco iron

cylinder was performed in which the initiation and growth of cylinder surface cracks was observed

as a function of time. This type of brittle crack data may be useful for the direct determination of

dynamic fracture parameters for use in exploding cylinder simulations.
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While considerable progress has been made in the computational simulation of naturally

fragmenting munitions, further refinements are needed before a detailed computational design tool -

is available. For example, future computational efforts should consider the fragm,at characterization

results of Section VIII and the assumptions in Section IX that lead to the formation of fragments.

Specifically, attempts should be made to calculate fragment mass distributions that include more

than one fragment type (Figures 39 through 42) and to have fragments that contain internal cracks

and shear bands (Appendix L). The mechanisms of axial crack formation should be further investi-

gated since these cracks are probably formed after circumferential crack formation (Figure 31).

Analytical techniques should also be extended to permit the use of the BFRACT2 and SHEAR2

subroutines together in two-dimensional TROTT computations.
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APPENDIX A

TRANSVERSE TENSILE MEASUREMENTS FOR HF-I STEEL

I
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bTable A-1. Tensile-pull measurements for transverse-direction specimens of HF-1 steel.,b

Heat Treatment A Heat Treatment B
Experiment I Experiment 2 Experiment 3 Experiment 4

Stress Strain Stress Strain Stress Strain Stress Strain
(MPa) (Pni/m) (MPa) (pm/m) (MPa) (Am/m) (MPa) (Pm/m)

0 0 0 0 0 0 0 0
25.7 152 25.6 80 25.7 205 25.6 100
51.3 313 51.1 210 51.3 312 51.2 235
77.0 492 76.7 318 77.0 408 76.8 356

102.6 660 102.3 452 102.6 500 102.4 496
128.3 813 127.9 580 128.3 632 128.0 642
153.9 962 153.4 708 153.9 766 153.6 795
180.0 1094 179.0 840 180.0 905 179.2 945
205.3 1236 204.6 984 205.3 1044 204.8 1118
230.9 1368 230.2 1125 230.9 1168 230.4 1292
256.7 1494 255.7 1265 256.6 1286 256.0 1458
282.2 1633 281.3 1395 282.2 1414 281.6 1595
307.9 1776 306.9 1515 307.9 1530 307.2 1730
333.5 1902 332.5 1652 333.5 1670 332.8 1875
359.2 2036 358.0 1796 359.2 1800 358.4 2045
384.8 2180 383.6 1930 384.8 1925 384.0 2202
410.5 2304 409.2 2068 410.5 2054 409.6 2350
436.2 2440 434.8 2192 436.2 2195 435.2 2490
461.8 2562 460.3 2325 461.8 2340 460.8 2630
487.5 2684 485.9 2454 487.5 2500 486.4 2788
513.1 2814 511.5 2588 513.1 2638 512.0 2940
538.8 2944 537.0 2715 538.8 2790 537.6 3092
564.4 3076 562.6 2834 564.4 2950 563.2 3235
590.2 3200 588.2 2962 590.1 3090 588.8 3390
615.8 3334 613.8 3110 615.8 3240 614.4 3536
641.4 3460 639.3 3250 641.4 3404 640.0 3695
667.1 3590 664.9 3388 667.1 3590 665.6 3874
692.7 3733 690.5 3525 692.7 3770 691.2 4064
718.4 3874 716.1 3662 744-.0 4280 716.8 4284
744.0 4028 741.6 3792 769.7 4655 742.4 4555
769.7 4160 767.2 3928 795.4 5150 768.0 4900
795.4 4310 792.8 4070 8210 5675 793.6 5395
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Table A-1. Tensile-pull measurements for transverse-direction specimens of HF-1 steel. a,b (Cont'd)

leat Treatment A Heat Treatment B
Experiment I Experiment 2 Experiment 3 Experiment 4

Stress Strain Stress Strain Stress Strain Stress Strain
(MPa) ({ni/n) (NIPa) (pill/in) (MPa) (Pm/In) (MPa) (pm/ni)

821.0 4452 818.4 4210 846.7 6225 819.2 5940

846.7 4642 843.9 4348 872.3 6850 844.8 6555

872.3 4886 869.5 4465 885.2c 7170c 870.4 7295

898.0 5268 895.1 4650 879.4c 7525c

923.6 5786 920.6 4844

949.3 7110 946-0 5084

975.0 11700 971.8 5416

987.8 12960 984.6 5710

1000.6 14790 997.4 6090

1013.4 16960 1010.2 6858

1026.3 18830 1022.9 8670

1039.1 21020 1035.7 11200

1051.9 22500 1048.5 13370

1064.7 23980 1061.3 15,+20

1090.4c - 1074.1 17382

1086.9 19360
1099.7 21300
1112.5 23180

1-120.1c 25325c

a The transverse tensile specimens were fabricated from 6.35-mmn-thick disks of lIF-I steel (the same group of disks that was used

for the gas gun experiments). The disks were cut from a bar of lF-I steel. The cylindrical axis of the specimens was transverse to
the axis of the bar. The specimens were dumbell shaped with a central-region diameter of 4.70 rm. For experiments I and 3, the
total length and central-region length of the specimens was 35.6 and 19.1 mn, respectively. For experiments 2 and 4, the total

b length and central.region length of the specimens was 27.9 and 12.7 mi, respectively.
The specimens were pulled-in a -tensile-lesting machine at a constant crosshead speed. The strain measurements were made with a
portable strain indicator (Vishay Instruments, Inc. Model P-350). Strain gauges (Micro-Measurements Gage Type
EA-06-125BT-120, 120.0 i-0.3% 2 resistance, 2.11 t 0.5% gage factor, 3.18-mm long, 1.57-mm grid width, were used for
experiments 1 and 3; Micro-Measurenents Gage Type EA.06.062AP-120, 120.0 1 0.3% r. resistance, 2.085 ± 0.5% gage factor,
1.57-mm long, 1.57-mm grid width, were used for experiments 2 and 4) were attached to the central region of the specimens with
epoxy.

C Stress and strain at fracture. For experiment I the strain of fracture was not recorded.
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APPENDIX B

OSCILLOSCOPE RECORDS FOR HF-1 STEEL HUGONIOT EXPERIMENTS

(Figures B-I, B-2, and B-3 are the oscilloscope records for heat treatment A material. Figures B-4
and B-5 are oscilloscope records for heat treatment B material. All the experiments were shock
transit time experiments except Shot 120 (Figure A-3), which was a direct impact experiment.)
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(a)

Figure B-1. Oscilloscope records for Shot 117. Time increases from left to right.-(a) Tilt data re-

cord. The vertical scale is 4 V/div and the horizontal scale is 50 ns/div. The middle

trace is an initial time reference square pulse. The lower trace is a 10-ns-period time

calibration signal. (b) Current record from back-surface quartz gauge. The vertical

scale is 100 mAidiv and the horizontal scale is 50 ns/div. The middle trace is a time

reference square pulse delayed by 1120 ns with respect to the initial time reference

square pulse -in -(a) for wave velocity measurements. The lower trace is a 10-ns-period

time calibration signal. Only the beginning of the plastic wave was recorded for this

shot.
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(a)

(b)

Figure B.2. Oscilloscope records for Shot 118. Time increases from left to right. (a) Tilt data re-

cord. The vertical scale is 4 V/div and the horizontal scale is 50 ns/div. The middle
trace is an initial time reference square pulse. The lower trace is a 10-ns-period time
calibration signal. (b) Current record from back-surface quartz gauge. The vertical
scale is 100 mA/div and the horizontal scale is 50 ns/div. The middle trace is a time
reference square pulse delayed by 535 ns with respect to the initial time reference
square pulse in (a) for wave velocity measurements. The lower trace is a 10-ns-period
time ca!ibration signal.
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Figure B-3. Oscilloscope record for Shot 120. -Current record from direct impact onto a quartz
gauge. Time increases from left to right. The vertical scale is 100 mA/div and the
horizontal scale is 50 ns/div. The-lower trace is a 10-ns-period time calibration signal.
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(a)

)J

(b)

Figure B-4. Oscilloscope records for Shot 152. Time increases from left to right. (a) Tilt data re-
cord. The vertical scale is 4 V/div and the horizontal scale is 50 ns/div. The middle
trace is an initial time reference square pulse. Thelower trace is a 10-ns-period time
calibration signal. (b) Current record from back-surface quartz gauge. The-current
calibration trace (upper-horizontal line) has an amplitude of 100 mA. The horizontal
scale is 100 ns/div. The middle trace is a time reference square pulse delayed by
1140 ns with respect to-the initial time reference square pulse in (a) for wave velocity
measurements. The lower trace is a 20-ns-period time calibration signal.
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(a)

(b)

Figure B-5. Oscilloscope records for Shot 153. Time increases from left to right. (a) Tilt data re-
cord. The vertical scale is-4 V/div and the horizontal scale is 50 ns/div. The middle
trace is an initial time reference square pulse. The lower trace is a 10-ns-period time
calibration signal. (b) Current record from back-surface quartz gauge. The current
calibration trace (upper horizontal line) has an amplitude of 100 mA. The-horizontal
scale is 100 ns/div. The middle trace is a time reference square pulse delayed by
1-180 ns with respect to the initial time reference square pulse in (a) for wave velocity
measurements. The lower trace is a 20-ns-period time calibration signal.

B-7

I. ++, + + ,< . + " . . . . .



APPENDIX C

EXPRESSIONS FOR TRANSFORMING THE HUGONIOT EQUATION OF
STATE FROM A LINEAR SHOCK VELOCITY-PARTICLE VELOCiTY

RELATIONSHIP INTO A STRESS-COMPRESSION RELATIONSHIP

C-1
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R In this appendix, expressions are derived for converting the Hugoniot equation of state
from a stress-particle velocity (aH1-up) relationship into a stress-compression (o1 -/u) relation-
ship. Here "he compression

V0
v (C-I)

where V0 and V are initial and final specific volumes, respectively.

In the elastic region the momentum (a -U ) and mass conservation equationsc-I are,
respectively,

all = P0 CL uP, UP < ue, (C-2)

and

- =I ~P, Up ue, (C-3)

where p0 = I/V0 is the initial density, CL is the longitudinal wave velocity, and ue is the particle
velocity at the elastic limit. Eliminating V/V 0 from Equations (C-I) and (C-3) gives

5.=
< (C-4)

CL I+p'

where y. is the compression at the elastic limit. Substituting this equation into Equation (C-2)
gives

't = o 2 1A
0O I 'g (C-5)

for the stress-compression relationship.

This equation can be transformed further by using expressions for the adiabatic bulk
modulus K and shear modulus G for an isotropic material,K 

-
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po --' p (C-6' ))

and

S=  pOC2S (C-7)

where C and Cs are the bulk and shear wave velocities, respectively. Substituting these equations
into Equation (C-5) gives

oUl= -- + K Kl ',U < U (C-8)

Il this form of the stress-compression relationship the stress is the sum of shear and hydrostatic

components. If the deviator stress C-l OD is defined as

4 /Pe
OD G P, (C-9)3 1 + P,

then at the elastic limit (p Ifa becomes

o0 =o D + K I + ye.- 0

The deviator stress is a measure of the ability of a material to support-shear.

For the plastic region, an ideal elastic-plastic wave structure is assumed 'vith equilibrium

initial and final states. The momentum and mass conservation relations C1 become, respectively,

all = ae +Pe (Us- t C)Up - tiC)' up > l, (C-I1)

and

= I U)P- > u . (C-12)

where p p0 (1 + p.) is the density at the elastic limit and U. is the shock velocity. Substituting

VUVO = 1 - u/CL from Equation (C-3) into Equation (C-12) and s,.plifying gives

C-4
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p

V Up -Ue
-= I , LIP > uie  (C-1 3)
VC us -ue

Using V/Ve = ( + Pe)/(l + p) from Equation (C-I) in Equation (C-13) gives

,up -i U A /- lie
= +j , / P> (C- 14)Us - ue  I +

Inserting t - ue from this equation into Equation (C-I 1) gives

i= +Pc (Us- e) 2 X p ';e (C-15)

where

X - = (l+P) j -e ). (C-16)-

Equations (C-15) can be reduced further by assuming an analytical form for the U'-u e

relationship. A linear relationship

U, = CO +sup (C-17)

is taken because it has been found that this form represents the Hugoniot for many materials. C-2

The parameter Co for many materials is usually very nearly equal to CB, the bulk sound velocity

at zero stress. C-3 Substituting Equation (C-17)-into Equation (C-15) and using Equation (C-10)
and the equation C0 - ue + sup = (CO - ue + sue)/( - sx) gives

+I + p e (C 0-u +su e )2
(  2  > (C-18)

for the stress-compression relationship in the plastic region. At the elastic limit, Equation (C-18)

becomes O1= 0"e since X = 0 at p = pe

For p >y the deviatoric stress O can be defined as the difference between the stress-

compression relationship and the hydrostat. If the material strain hardens, the deviatoric stress

will be a function of p.c I
C-5T-_



Equation (C- 18) can be expressed as a series expansion in terms of the comnpression A.

The ternm XI(l - sX) 2 in Equation (C-IS8) can be written as

(ISX) 2  I t+ Sp - (S- ~

Expanding the denominator gives

x - l i + 0 -P ) p U+ P 2 2 S - I p 3 S(I - sx) 2  0 ( +Sg~) 2  j1 (+-P

+4 \3 3 + ( \4~' A +.. (C-20)

Regrouping termns gives

X - I + -pe+( ,]A+[ pr ~22 -,)+II2
(ISX) 2 (I + sg)2 (IL Pc(cI+3~+(4 0 +]

+ [-,~,+3~ e 1pi - pA pl-p)+3 l4+. (C-21)

where p (s I 1)/(I + sy,) Substituting Equation (C-21) into Equation (C-18) and taking

Kpo C2 give., after reducing

Or~~l D (I + Sp) 2
+li

[CL CL 2

+ K L- (O)C0 (- spe)

[(2s - 1)(I - sp, +) sp, +s+ (s- 1) [(3s - I )(I - s,) + 2sp0 (s + I )]l

+(s- 0)2 [(4s - I)-I -- spe) +3su,(s + I)A
SAL+ ' . (C-22)
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Equation (C-22) can be simplified because for most materials It, << 1, s e 1.5, and CL/Co
- .c 2 Therefore, neglecting the ;L, terms gives

= + K+K(2s - lI)p2 + K(s - 1)(3s - I)p 3 + K(s - 1)2 (4s - l)p4 + .... p > pt. (C-23)

This equation gives a simpler form for the stress-compression relationship than Equation (C-22).

Only the initial density po and the two parameters in the linear shock velocity-particle relationship

Us = Co + sup are necessary to determine the coefficients. For HF-I steel the calculated

coefficients for this equation only differed by a few percent from the more complicated

coefficients in Equation (C-22). For most materials the coefficients in Equation (C-23) are

evaluated through the p3 term. Christman et al.C1 calculated a zero-pressure Girtneisen parameter
'' = 2s-I using the Dugdale and MacDonald G:ilneisen fornula.c 4 The cofficient of the p2 term

in Equation (C-23) can therefore be represented by K1o where yo is a zero-pressure Gr~ineisen

parameter estimate and-K is the low-pressure bulk modulus. This observation was initially made by

Rice et al.c '-

The results-of this section could have been expressed in terms of the compression 7 where

7 = I --- .(C-24)
V0

Using Equation (C-I) for the compression p, it can be shown that (I + p)(I - 7); 1, which gives

the relations 1 = p/(I +-p) and pu = r/( I - ).
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APPENDIX D

PHOTOGRAPHS OF THE SPALL FRACTURE SPECIMENS OF HF-I STEEL

(The impactor velocity, initial impactor thickness, and initial specimen thickness are given for

each shot. Cracks were digitized for all the shots except the no-damage Shots 89 and 147. Cracks
were measured in the approximate central one-third region of the sectioned specimen face. The
bottom edge of each specimen is the impact surface. The specimen magnification is approximately
SX).
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(a ht9,010k/ matrvlct,237m-hc matr .1m-hc pcmn

(a Shot 95, 0.10-km/s impactor velocity, 2.37-mm-thick impactor, -6.31-mm-thick specimen.

44m

(c) Shot 98, 0.160-km/s impactor velocity, 2.37-mm-thick impactor, 6.35-mm-thick specimen-

Figure D-1. Sectioned HF-i steel specimens with heat treatment A for (a)-Shot 95, (b) Shot 110,
and (c) Shot 98.
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(a) Shot 92, 0.180-km,/s impactor velocity, 2.37-mm-thick impactor, 6.34-mm-thick specimen.

(b) Shot 91, 0.183-km/s impactor velocity, 2.37-mm-thick impactor, 6.34-mm-thick specimen.

S4 mm

(c) Shot 90, 0.191-km/s impactor velocity, 2.37-mm-thick impactor, 6.35-mm-thick specimen.

Figure D-2. Sectioned HF-1 steel specimens with heat treatment A for (a) Shot 92, (b) Shot 91,
and (c) Shot 90.
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(a) Shot 94, 0.200-.cm/s impactor velocity, 2.37-mm-thick impactor, 6.36-mm-thick specimen.

(b) Shot 89, 0.120-km/s- impactor velocity, 1.61-mm-thick impactor, 3.18-mm-thick specimen.

1~~ mm__ _

(c) Shot 113, 0.202-km/s impactor velocity, 1.60-mm-thick impactor, 3.19-mm-thick specimen.

Figure D-3. Sectioned HF-i steel specimens with heat treatment A for (a) Shot 94, (b) Shot 89,
and (c) Shot 113.

D-5



(a) Shot 88, 0,276-km/s impactor velocity, 1.60-mm-thick impactor, 3.19-mm-thick specimen.
Only half of the full-spalled specimen is shown.

(b) Shot 111, 0.193-km/s impactor velocity, 1.16-mm-thick impactor, -3.19-mm-thick specimen.

S4 mm

(c) Shot 112, 0.204-km/s impactor velocity, 1.16-mm-thick impactor, 3.19-mm-thick specimen.

Figure D-4. Sectioned-HF-i steel specimens with heat treatment A for (a) Shot 88, (b) Shot 111,
and (c) Shot 112.
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(a) Shot 154, O.094-km/s impactor velocity, 2.37-mm-thick impactor, 6.35mm-lthck specimen.

(b) Shot 145, 0.116-km/s impactor velocity, 2.38-mm-thick impactor, 6.35-mm-thick specimen.

4 mm

(c) Shot 144, 0.148-km/s impactor velocity, 2.37-mm-thick impactor, 6.35-mm-thick specimen.

Figure D.5. Sectioned HF-1 steel specimens with heat treatment B for (a) Shot 154, (b) Shot 145,
and (c) Shot 144.
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(a) Shot 143, 0.169-km/s impactor velocity, 2.37-mm-thick ilpactor, 6.35-mm-thick specimen.

(b) Shot 142, 0.191-km/s impactor velocity, 2.37-mm-thick impactor, 6.36-mm-thick specimen.

4 mm

(c) Shot 150, 0.152-km/s impactor velocity, 1.58-mm-thick impactor, 6.36-mm-thick specimen.

Figure D-6. Sectioned HF-1 steel specimens with heat treatment B for (a) Shot 143, (b) Shot 142,
and (c) Shot 150.
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I

(a) Shot 148, 0.172-km/s impactor velocity, 1.58-mm-thick impactor, 3.18-mm-thick specimen.

(b) Shot 149, 0.194-km/s impactor velocity, 1.58-mm-thick impactor, 3.18-mm-thick specimen.

4 mm

(c) Shot 147, 0.147-km/s impactor velocity, 1.15-mm-thick impactor, 3.18-mm-thick specimen.

Figure D-7. Sectioned HF-1 steel tpecimens with heat treatment B for (a) Shot 148, (b) Shot 149,
and (c) Shot 147.
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(a) Shot 146, 0.167-km/s impactor velocity, 1.16-mm-thick impactor, 3.18 mm-thick specimen.

(b) Shot 151, 0.190-km/s impactor velocity, 1.15-mm-thick-impactor, 6.36-mm-thick specimen.

Figure D-8. Sectioned HF-i steel specimens with heat treatment B for (a) Shot 146 and
(b) Shot 151.
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APPENDIX E

CRACK DISTRIBUTIONS FOR SPALL FRACTURE SPECIMENS OF HF-i STEEL

(Figures are presented for eleven heat treatment A specimens (Shots 95 through 112) and ten heat
treatment B specimens (Shots 154 through 151). Figures are not presented for the no-damage
Shots 89 and 147. Each figure contains five plots. Plots (a) and (b) are distributions for the
digitized cracks. Cracks were measured in the approximate central one-third region of the sectioned
specimen face. A crack was considered to be in the central region if its midpoint was in the region.
Plots (c), (d), and (e) are crack-size distributions that were calculated from the digitized cracks
using the SRI statistical transformation computer program BABS3. The dashed line in plot (d) of
each figure is a fit of the equation N8 = No exp(- R!R,) to the volume crack-size distribution for
the zone of maximum damage. Here Ng is the number of cracks per unit volume with radius
greater than R1. The calculated values for No and R1 for the zone of maximum damage are given
in the plot. The spall plane in plots (b) and (e) is taken as the difference in the specimen and
impactor thicknesses.)
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APPENDIX F

DIGITIZED CRACK COORDINATES FOR THE SPALL FRACTURE
SPECIMENS OF HF-i STEEL

(Digitized crack coordinates are presented for all the counted cracks for heat treatments A and B
of HF-i steel. Plot (a) of each figure in Appendix E shows the digitized crack distribution for
each shot. The upper left corner of each plot is the coordinate system orgin for the digitized crack

values. Four values are listed for each crack in row form. The initial two values are the coordinates
of one endpoint position of a crack measured in the specimen length and thickness directions,
respectively. The final two values are the coordinates of the other endpoint position of the crack
measured in the specimen length and thickness directions, respectively. These values are given in
inches. The cracks given in the eight columns on the left side of a page are continued at the top of
the eight columns on the right side. The specimen length and thickness magnification factors are
ai',en in Table 7. The cracks were measured on enlarged photographs of the sectioned specimen

surfaces. The heat treatme'nt A stringer cracks (three for Shot 98, four for Shot 92, two for Shot
91, three for Shot 90, fourteen for Shot 94, nine for Shot 113, and Aiine for Shot 112) are listed
last for the shots that contain them.)
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APPENDIX G

COMPUTER LISTINGS OF THE INPUT PARAMETERS
USED IN THE PUFF COMPUTATIONS FOR THE
HF-I STEEL SPALL FRACTURE EXPERIMENTS

(The nucleation and growth values in Tables 9 and 10 were obtained from PUFF computations
using the input parameters in this appendix. Figures G-I through G-S(a) give the input parameters
for the computations for the heat treatment A experiments. Figures G-5(b) through G-I 0 give the
input parameters for the computations for the heat treatment B experiments. The input
parameters for the BFRACT2 fracture model are given in the TSRI and TSR2 lines of each listing.
The HF-I steel equation of state data-is given in the SQST and YO lines. An explaination of the
these parameters is given in Section VI and Reference 1.)

G-1

G3-1
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APPENDIX H

COMPUTED STRESS, PARTICLE VELOCITY, AND CRACK CONCENTRATION
VERSUS TIME PLOTS FOR THE CELL OF MAXIMUM DAMAGE FOR THE

HF-I STEEL SPALL FRACTURE SPECIMENS

(The input parameters in Appendix G (with the appropriate JEDIT parameters) were used in
PUFF 8- computations to produce these plots. No plots are presented for the threshold-damage
Shot 95, the no-damage Shots 89 and 147, and the full-spall Shot 88. Tables 9 and 10 summarize
some of the stress and crack density values. The stress and crack concentration values are
computed at the cell midpoints. Tlhe particle velocity values are computed at the cell edge nearest
the impact surface. Each specimen was divided into 20 computational cells of equal width,
numbered 10 through 29 beginning at the specimen impact surface. Plots (a) and (b) refer to
principal stresses in the direction of shock wave propagation and orthogonal to that direction,
respectively. Compressive and tensile stress values are po.;tive and negative, respectively. Plots (c)
and (d) give the particle velocity in the shock propagation direction and the generated crack
concentration for cracks oriented in planes perpendicular to that direction, respectively.)
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APPENDIX I

COMPUTED STRESS, PARTICLE VELOCITY, AND CRACK
CONCENTRATION VERSUS TIME PLOTS FOR EACH

COMPUTATIONAL CELL FOR THE HF-I STEEL, HEAT
TREATMENT B, SPALL FRACTURE SHOT 144

(For Shot 144, a 2.37-im-thick disk impacted a 6.35-mm-thick specimen at 0.148 km/s. Tile
input parameters in Figure G-6 (with the appropriate JEDIT parameters) were used in PUFF 8
computations to produce these plots. The impactor was divided into eight computational cells of
equal width, numbered I through 8 beginning at the impactor free surface. The specimen was
divided into 20 computational cells of equal width, numbered 10 through 29 beginning at the
specimen impact surface. Plots (a) and (b) of Figures 1-1 through 1-28 give the principal stresses in
the shock wave propagation direction and orthogonal to -that direction, respectively. Compressive
and tensile stress values are positive and negative, respectively. The stresses are computed-at the
cell midpoints. Figures 1-29 through 1-42 give the particle velocity in each cell in the shock wave
propagation direction. The particle velocity values are computed at the cell edge nearest the
impact surface. Figures 1-43 through 1-49 give crack concentrations in those computational cells in
which tensile fracture occurred. Crack concentrations are computed at the cell midpoints and refer
to cracks oriented in planes perpendicular to the shock wave propagation direction.)
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APPENDIX J

COMPUTATION OF DYNAMIC FRACTURE PARAMETERS FOR HEAT TREATMENT A
OF HF-I STEEL WITH STRINGER CRACKS EXCLUDED

(To determine the importance of the stringer cracks, dynamic fracture parameters were calculated
for heat treatment A material with these cracks excluded from the distributions. Stringer cracks
are those cracks that occurred along the stringer impurities in the material. Stringer impurities
are elongated impurity regions produced during the material fabrication process. For the HF-I

steel specimens the impurities were parallel to the shock wave propagation direction. The stringer
cracks were therefore perpendicular to the majority of the cracks in a specimen. A total of 44
stringer cracks were measured: three for Shot 98, four for Shot 92, two for Shot 91, three for
Shot 90, fourteen for Shot 94, nine for Shot 113, and nine for Shot 112. The digitized stringer
crack coordinates are listed in Appendix F. Figures J-1 through J-7 give the crack distributions for
these seven spall fracture specimens with stringer crack excluded. These distributions can be
compared with those that include all the cracks given in Appendix E. Table J-1 summarizes the
experimental volume crack-size distribution parameters for the heat treatment A specimens
with stringer cracks excluded . Six iterations with the PUFF 8 computer program using the
BFRACT2 subroutine were performed to obtain the dynamic fracture parameters. Table J-2
gives the experimental and computed nucleation and growth values obtained using the final set of
parameters. These values are plotted in Figure J-8. The experimental and computed intercept and
slope values for the nucleation rate curves in Figure J-8(a) are 7.48 and 8.30 cracks/cm 3 -ns and
-14.1 and - 13.4 GPa- I respectively. The-experimental and computed intercept and slope values
for the growth curves in Figure J-8(b) are 59.5 and 59.4 pin and -0.161 and -0.164 GPa- 1s- ,
respectively. For the experimental growth curve, the points for Shots 110, 91, and -113 were out
of range of the majority of the points and were therefore not used in the least-squares fit. The
dynamic fracture parameters are given in Table J-3. The exclusion of the stringer cracks appreci-
ably affected only the nucleation threshold rate N.. This parameter decreased from 90 to 42
cracks/cm3 ns when exluding the stringer cracks. Figures J-9 through J-13 give the inlut listings
for the PUFF 8 computations. Figures J-14-through J-22 give computed shock histories for the cell
of maximum damage for each of the heat treatment A specimens with stringer cracks excluded.
Plots (a) and (b) give the principal stresses in the direction of shock wave propagation and
orthogonal to that direction, respectively. Plots (c) and (d) give particle velocity and crack
concentration histories, respectively.)
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HEAT TREATMENT A
* " & COMPUTATION

0 EXPERIMENT

100!

C0/PUTATION--

EXPERIMENT

0 -0.09 -0.16 -0.24 -0.32 -0.40 -041 -0.56
TENSILE STRESS ABOVE THRESHOLD O(S-on0 lGPaJ

(a)
1000

HEAT TREATMENT A
A COMPUTATION

* EXPERIMENT

COMPUTATION

100

EXPERIMENT

0-1,2 -1.6 -2.0 -2.4 -2.8 -3.2 -3.6

am atg (GPA ysj

(b)

Figure J-8 Experimental and computed nucleation rate and growth curves for HF-1 steel with
heat treatment A with stringer cracks excfuded. (a) Nucleation rate curves.(b) Growth curves. The points in these plots are from Table J-2 and were obtainedby using the final set of dynamic fracture parameters for this heat treatment of
HF-1 steel in a PUFF 8 computation.
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Table J-1. Summary of experinlental volume crack-size distribution parameters for spell fracture
specimans of HF-1 steel with heat treatment A with stringer cracks excluded.a

Distance from
Number of Average Specimen Impact
Cracks per Crack Surface to Midpoint

Unit Volume Radius of Zone of
Shot No  R1  Maximum Damage
No. (104 /cm 3 ) (mm) (mm)

95 0.03 -1822.2 2.73

110 0.74 150.3 4.04
98 3.28 87.2 3.96
92 2.39 97.3 4.40
91 8.49 54.2 4.00
90 4.74 99.1 4.19
94 6.36 96.2 4.17
89C - _ -

113 26.67 29.7 1.66
8 8d 3.92 107.6- 1.51

111 5.36 75.5 2.19
112 7.25 76.1 2.09

a The parameters No and R1 were obtained for each damage zone of each specimen by fitting the equation Ng = No exp (- R/R1 ) to

the volume crack-size distribution. Here Ng is the number of cracks per unit voiume with radius greater than R. Plots of the volume
crack-size distributions for each damage zone of each specimen containing-no-stringer cracks are given in Appendix E (Shots 95,
110, 88, and-I 11) and this appendix (Shots 98, 92, 91, 90; 94, 113, and-1 12). The perameters No and R! listed in this table

- 7 b are the values for the zone of maximum damage.
This shot was not-used for determining dynamic fracture parameters due to the small number of measured cracks.

c Cracks were not measured for the no-damage Shot 89.
d This- full-spall -shotwas not used for determining dynamic fracture parameters. Only cracks in one half of the specimen were

digitized.
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Iii
Table J-3. Dynamic fracture parameters for heat treatment A of HF-1 steel with stringer cracks

excluded,

Parametera Description Units Value

T Growth coefficient GPa- Ips-' -0.409

a Growth threshold- stress GPa -0.1

R Nucleation- size parameter pum 58.7

o  Nucleation threshold rate no.cm- 3 ns-1  42.2

Ono Nucleation threshold-stress GPa -2.5

01 Nucleation- sensitivity-parameter GPa -0.0577

In the BFRACT2 brittle fracture subroutine these parameters are listed asTI, T2, T3-0T4,7S, and T6, respectively, with different

units.
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APPENDIX K,

FRAMING CAMERA PHOTOGRAPHS FOR EXPLOSIVE-FILLED
ARMCO IRON CYLINDER EXPERIMENT

(This appendix contains a series of 24-framing camera photographs for the explosive-filled Armco
iron cylinder experiment. The frames are numbered 1 through 25; frame 13 is inscsing. The
composition B explosive detonation front was located inside the cylinder in frames 1 through
10. The detonation front was assumed to be located at the left end of the cylinder in frame 11.
The calculated axial position of the detonation front for these frames is given in Table 12. In
these figures the time corresponding to each frame is taken as the time after the explosive detonat-
ion front has entered the cylinder. These times are probably uncertain by a few microseconds since
the detonation front was probably not located exactly at the end of the cylinder in frame 11.
The initial explosive detonation occurred about 8 ps prior to the entranct of the detonation front
into the cylinder. The explosive extended about 64 mm beyond the metal cylinder on the initiation
end.)

K-1



(a)

(b)

Figure K-i. Frames 1 and 2 for Armco iron framing camera experiment. (a) Frame 1 at 6 Ps and
(b) frarne 2 at 10 pus.
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(a)

(b)

Figure K-2. Frames 3 and 4 for Armco iron framing camera experiment. (a) Frame 3 at 14 ps and
(b) frame 4 at 18 pjs.
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(a)

(b)

Figure K-3. Frames 5 and 6 for Armco iron framing camera experiment. (a) Frame 5 at 23 ps and
(b) frame 6 at 27 ps.

K-5



(a)

#4-4

(b)

Figure KA4 Frames 7 and- 8 for Armco iron framing camera experiment. (a) Frame 7 at 31 jus and
(b) frame 8 at 35 ps.
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(a

(b)

Figure K-5. Frames 9 and 10 for Armco iron framing camera experiment. (a) Frame 9 at 39 ps
and (b) frame 10 at 43 pus.K K-7



A.I

(a)

(b)

Figure K-6. Frames 11 and 12 for Armco iron framing camera experiment. (a) Framel11at48 ps

and (b) frame 12 at 52 ps.
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(a)

(b)

Figure K-7. Frames 14 and 15 for Armco iron framing camera experiment. (a) Frame 14 at 60 As
and (b) frame 15 at 64 ps.
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(a)

(b)

Figure K-8. Frames 16 and 17 for Armco iron framing camera experiment (a) Frame 16 at 68 /is
and (b) frame 17 at 73 ps.
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(a)

4A

(b)

Figure K-9. Frames 18 and 19 for Armco iron framing camera experiment. (a) Frame 18 at 77 ps

and (b) frame 19 at 81 ps.

S K-I1

iwz



4(k.

(a)

(b)

Figure-K-10. Frames 20 and 21 for Armco iron fiaming camera experiment. (a) Frame 20 at
85 ps and (b) frame 21 at 89 p5.
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K-

la)

(b)

Figure K-11. Frames 22 and 23 for Armco iron framing camera experiment. (a) Frame 22 at

93 jus and (b) frame 23 at 98 ps.
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r (a)

4A

~b)

Figure K-12. Frames 24 and 25 for Armco iron framing camera experiment. (a) Frame 24 at
102 ps and (b) frame 25 at 106.ps.
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APPENDIX L

PHOTOGRAPHS OF FRAGMENT TYPES FROM ARMCO IRON AND
HF-i STEEL CYLINDER FRAGMENT RECOVERY EXPERIMENTS

(This appendix rctains 24 figures. Figures L-1 through L-8 show Armco iron fragments from
cylinder expeiment 2. No type 4C fragments were observed for the Armco iron experiments.
Figures L-9 through L-16 show HF-1 steel fragments with heat treatment A from cylinder ex-
periment 4. Figures L-17 through L-24 show HF-I steel fragments with heat treatment B from
cylinder experiment 5. The fragment types are defined in Table 14. Schematic examples of the
fragment types are shown in Figure 35).
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APPENDIX M

RESULTS OF THE AR-MCO IRON CYLINDER, THE HF-I STEEL CYLINDER,

AND THE HF-I STEEl, PROJECTILE FRAGMENT RECOVERY EXPERIMENTS

(This appendix contains tables of the results of the Armco iron cylinder, the HF-I steel cylinder,
and the HF-I steel projectile fragment recovery experiments. The configuration details for these
experiments are given in Table 13. The results are summarized in Section VIII. Tables M-1 through

M-7 give the mass distribution results for the typed fragments for the experiments. The fragments

in the 0-1 gr mass group of each table were not counted due to their large numbers and small sizes.
The recovered fragment mass was at least 98.9% of the initial metal mass in all the experiments.
Tables NI-8 through M-14 give dimension measurements and strain calculations for selected type 1
fragments from each experiment. All type 1 fragments from the HF-i steel cylinder experiments
were measured. Both English and SI units are used in these tables. (1 grain (gr) = 1/7000 pound
= 0.06480 gram (g)).

M-1

,. - - -



Table M-1. Mass distribution and characterization of Armco iron cylinder fragments from
experiment 1a

Mass Type 1 Total
Group Mass Mass

(gr) No. (gr) (g) No. (gr) (g)

0-1b  - 1326.7 85.97
1-5 637 1423.8 92.26

5-10 146 1055.4 68.39
10-15 84 1037.8 67.25
15-20 45 778.4 50.44
20-25 37 829.5 53.75
25-30 1 27.3 1.77 38 1047.8 67.90
30-40 2 70.8 4.58 41 1403.5 90.95
40-50 6 278.6 18.05 37 1673.0 108.41
50-75 18c 1159.4 75.13 73 4514.0 292.51

75-100 13d 1196.8 77.55 40 3594.8 232.94
100-125 12c 1351.1 87.55 27 3012.2 195.19
125-150 16' 2162.3 140.12 33 4484.3 290.58

150-200 10g 1788.6 115.90 17 2966.0 192.20
200-300 2411 5911.6 383.07 32 7927.1 513.68
300-600 47' 21369.3 1384.73 48 21725.0 1407.78
600-1000 2 7g 19884.0 1288.50 28 20539.8 1330.98
1000-1500 13i 16982.1 1100.44 15 19658.0 1273.86
1500+ 17i 41128.9 2665.15 17 41128.9 2665.15

a For this experiment only type I fragments were characterized. Six fragments (one fragment from the 125 - 150 gr group, two frag-

from the 200 - 300 gr group, one fragment from the 600 - 1000 gr group, and two fragments from the 1000 - 1500 gr group)
with a total mass of 0.216 kg were previously removed from the distribution for metallographic aralysis and therefore were not
characterized. Seventy-five of the 206 total type 1 fragments came from the end of the cylinder.

b The fragments were not counted in this mass group.
c One fragmeiat came from the end of the cylinder.
d Five fragments came from the end of the cylinder.
e Four fragments came from the end of the cylinder.

f Two fragments came from the end of the cylinder.
g Eight fragments caml, froth the end of the cylinder.
h Nine fragments came from the end of the cylindet.

i Twenty-six fragments came from end of the cylinder.
Six fragments came from the end of the cylinder.
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Table M-3. Mass distribution and characterizatjcn of HF-i steel cylinder
fragments with lhoat treatment A from experiment 3 .2

Mass -Type I Total
Group Mass Mass

(gr) No. (gr) Wg No. (gr) Wg

01b- 8568.6 555.24
1-5 5521 12758.9 826.78

5-10 1482 10564.0 684.55
10-15 755 9264.6 600.35
15-20 464 8045.2 521.33
20-25 307 6888.8 446.39
25-30 232 6322.8 409.72
30-40 351 12089.4 783.39
40-50 Ic 41.5 2.69 234 10502.6 680.57
50-75 3 193.5 12.54 370 22785.1 1476.47

75-100 3 257.6 16.69 183 15836.0 1026.17
100-125 3 476.2 30.86 121 13562.1 878.82)
125-i 50 47 6451.4 418.05
150-200 7 ' 1261.8 81.77 58 9973.0 646.25
200-300 B3e 3158.4 204.66 47 11255.3 729.34
300-600 3c 1096.6 71.06 9 3141.6 203.58

2 For this experiment only type i fragments were characterized. Six fragments (one
fragment from the I SO-200 ge group, two fragments from the 200-300 gr group,and three fragments from the 300-600 gr group) with a total mass of 0.117 kg wcrc
previously removed froms the distribution for metallographic analysis and thcreforc
were not characterized. Twelve of the 33 total type I fragments camc from the end
of the cylinder.

b The fragments were not counted in this mass group. Only type I fragments were
characterized.

cOne fragment camne from the end of the cylinder.
dTwo fragments came from the end of the cylinder.
CEight fragments came from the end of the cylinder.
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Table M-6. Mass distribution and characterization of HF-1 steel cylinder fragments with heat
treatment B from experiment 6.V

Mass Type I Total
Group Mass Mass

(gr) No. (gr) (g) No. (gr) (g)

0-1b  
- 11926.0 772.80

1-2.5 4680 7458.3 483.30
2.5-5 2616 9316.4 603.70
5-7.5 1268 7858.6 509.24

7.5-10 735 6375.4 413.13
10-12.5 546 6104.9 395.60
12.5-15 421 5757.0 373.05
15-17.5 327 5307.9 343.95
17.5-20 259 4833.7 313.22
20-22.5 241 5102.1 330.62
22.5-25 193 4593.6 297.67
25-27.5 190 5008.4 324.54
27.5-30 128 3667.4 237.65
30-32.5 131 4096.1 265.43
32.5-35 101 3422.5 221.78
35-37.5 94 3411.1 221.04
-7.5-40 110 4252.5 275.56
40-42.5 75 2082.9 199.77
42.5-45 63 2756.5 178.62
45-47.5 56 2585.7 167.55
47.5-50 62 3025.6 196.06
50-52.5 46 2362.1 153.06
52.5-55 46 2484.1 160.97
55-57.5 1e  55.1 3.57 46 2587.2 167.65
57.5-60 41 2415.8 156.54
60-62.5 1 61.1 3.96 36 2206.2 142.96
62.5-65 28 1776.6 115.12
65-67.5 36 2388.9 154.80
67.5-70 26 1787.2 115.81
70-72,5 21 1492.2 97.02
72.5-75 14 1032.9 66.93
75-77.5 18 1376.8 89.22
77.5-80 1C 77.9 5.05 22 1731.6 112.21
80-82.5 22 1792.7 116.17
82.5-85 12 1005.7 65.17
85-87.5 6 519.0 33.63

M-13
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Table M.6. Mass distribution and characterization of HF-1 steel cy~inder fragments with heat
treatment B from experiment 6 .a (Continued)

Mass Type 1 Total
Group Mass Mass

(gr) No. (gr) (g No. (gr) (g)

87.5-90 13 1152.0 74.65
90-92.5 12 1095.6 70.99
92.5-95 9 837.7 54.28
95-97.5 9 865.4 56.08

97.5-100 8 789.4 51.15
100-105 1 101.4 6.57 16 1634.7 105.03
105-1 10 1 107.3 6.95 17 1824.1 118.20
110-115 3 334.0 21.64 16 1800.3 116.66
115-120 1 115.2 7.47 13 1521.8 98.61
120-125 1 122.9 7.96 11 1351.9 87.60
125-130 4c 508.5 32.95 12 1530.4 99.17
130-135 2 264.4 17.13 6 793.0 51.39
135-140 4 549.1 35.58 8 1097.1 71.09
140-145 2 283.4 18.36 8 1137.3 73.70
145-150 3e  442.7 28.69 6 882.7 57.20
150-155 2c 305.6 19.80 5 763.1 49.45
155-160 Ie  157.4 10.20 4 631.8 40.94
160-165 1 164.1 10.63 3 486.2 31.51
165-170 3e  503.1 32.60 5 841.2 54.51
170-175 1 174.2 11.29 2 347.2 22.50
175-180 Ic 178.0 11.53 2 354.2 22.95
180-185 3c 546.5 34.51 4 728.4 47.20
185-190 1 185.4 12.01 3 563.3 36.50
190-195 2e  384.3 24.90 3 574.3 37.21
195-200 1 199.3 12.91
205-210 2c 415.7 26.94 3 625.7 40.55
210-215 1 210.7 13.65
220-225 1C 220.1 14.26 2 440.9 28.57
230-235 ic 234.7 15.21 1 234.7 15.21
235-240 2 471.0 30.52
240-245 1 242.2 15.69
245-250 2c 496.0 32.14 2 496.0 32.14
290-295 Ic 291.8 18.91 1 293.8 19.04
315-320 1 319.2 20.68 1 319.2 20.68
325-330 1 328.1 21.26 1 328.1 21.26

a If a mass group is not listed then no fragments were observed in that group. For this experiment only type I fragments were
b characterized. Twenty-three of the 49 total type I fragments came from the end of the cylinder.

The fragments were not counted in this mass group.
c One fragment came from the end of the cylinder.
dFour fragments came from the end of the cylinder.e Two fragments came from the end of the cylinder. )
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Table M-8. Measurements on twenty-five selected type 1 Armco iron cylinder fragments from experiment 1 a

Aeralle ,Maxlmum Maximum
Fraanent Wall Fraction of Wall Frament Fragment Engineering True Homorefeoue

Frmnent m Mua Thkkneab Thicknes with Width Lengt
e  

K"il Radial Plst
No. (ge) (11) (mm) Brittle Frcture

€  
(rm) (rm) S . Stralas Stln

h

I 69.1 4.48 13.1 0.60 7 17 0.31 0.38 0.65
8

2 93.0 6.02 12.6 0.59 6 22 0.34 0.41 0.72
11

3 120.2 7.79 11.7 0.66 S 25 0.39 0.49 0.85
17

4 142.5 9.24 11.4 0.65 5 21 0.40 0.52 0.89
I

51 181.5 11.76 12.1 0.55 $ 23 0.36 045 0.78
14

6 254.9 16.52 12.4 0.56 8 37 0.35 0.43 0.74
il

71 267.4 17.33 12.8 0.63 6 23 0.33 0.40 0.69
11

8 282.5 18.31 12.3 0.66 9 34 0.36 0.44 0.76
IS

9 375.6 24.34 12.3 0.46 S 38 0.36 0.44 0.76
19

10 399.7 25.90 12.7 0.67 6 47 0.33 0.41 0.70
12

1 476.8 30.89 13.2 0.61 6 SI 0.31 0.36 0.63
20

121 S43.1 35.19 13.0 0.45 8 37 0.32 0.39 0.67
22

13 613.1 39.73 12.7 0.53 9 41 0.33 0.41 0.71
20

141 642.6 41.64 11.4 0.44 12 SI 0.40 0.51 0.88
17

15 686.1 44.46 11.7 0.50 11 S1 0.39 0.49 0.85

161 863.8 55.97 12.3 0.49 7 69 0.35 0.44 0.76
18

17 1127.1 73.04 13.6 0.51 8 89 0.29 0.34 0.59
19

181 1175.5 76.18 12.8 0.61 11 102 0.33 0.40 0.69
15

19 1271.3 82.38 13.0 0.59 6 111 0.32 0.39 0.67
17

201 1419.9 92.01 12.4 0.47 9 114 0.35 0.43 0.74
22

211 1700.4 110.18 13.0 0.47 7 130 0.32 0.39 0.67
14

221 2003.6 129.83 12.8 0.55 8 114 0.33 0.40 0.70
22

23 2241.7 145.26 13.9 0.47 14 127 0.27 0.31 0.54
20

24 3041.5 197.09 13.4 0.58 18 143 0.30 0.35 0.54
14

25 3118.5 202.08 12.7 0.55 20 121 0.33 0.41 0.71
23

a The 25 fragments were chosen to represent the entire mass range for type I fragments.
bThe initial wall thickness was 19.1 mm.
c These values are the average of measurements from the outer cylindrical surface to the beginning of the shear fracture surface on eath side of the fragment. The estimated un-

cettainity In these values Is 10-20%,
d The two values listed for a frament are, respectively, the maximum width of the brittle fracture region neas the ou ter cylindrical surface and the taztmum width of the shear

fracture region nea the Inner cylindrical surface.iTh) fragment lengths Is parallel to the cylindrical axit.

f Th, engineering radial strain Is (2o - 3f)/ao where 20 and af are the Initial and final wall thicknesses, respectively.
g The true radial strain

3 
is - In(aflao).

hThe homogeneous plastic strain
3 

Is - /3 in(aflao).

I This fragment came from the end of the cylinder,
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Table M-9. Measurements on twenty-five selected type 1 Armco iron cylinder fragments from experiment 2 .a

Average Maximum Maximum
Fragment Wall Frictlon o! Well Fragment Fragment Engineering True Homogeneous

Fragment MasThscknena with Width
€  

b.ngthC Radial Radil Plutic
No. (P) (9) (mm) Brittle Ftrxture

0  
(mri) (mm) Strain

€  
Stmlun

c  
Srano

1 32.1 2.08 9.7 0.82 6 10 0.49 0.68 1.18
6

2 43.9 2.85 8.2 0.69 7 I1 0.57 0.84 1.45

12

3 63.8 4.13 9.9 0.62 7 14 0.48 0.66 1.14

13
4 82.1 5.32 10.1 0.63 13 13 0.47 0.64 1.11

11
5 107.1 6.94 12.5 0.46 7 18 0.35 0.43 0.74

12
6 150.4 9.75 13.3 0.54 6 22 0.30 0.36 0.63

14

7 206.3 13.37 12.1 0.56 9 27 0.36 0.45 0.78
13

8 d 282.3 18.29 12.2 0.51 10 31 0.36 0.44 0.77
18

9 334.2 21.66 12.2 0.56 9 43 0.36 0.45 0.77
16

10 412.5 26.73 13.4 0.57 3 38 ;).30 0.35 0.61
15

11 481.5 31.20 12.6 0.56 6 57 0.34 0.41 0.71
15

12 677.2 43.88 12.5 0.50 14 57 0.34 0.42 0.73
23

13 778.5 50.45 13.3 0.57 1I 51 0.30 0.36 0.62
21

14 904.5 58.61 13.3 0.63 5 83 0.30 0.36 0.62
16

is 2074.0 134.39 12.8 0.55 11 83 0.33 0.40 0.69
21

16
d  

1322.8 85.72 11.5 0.53 !1 79 0.40 0.51 0.88
21

17 1402.3 90.87 13.1 0.49 6 102 0.31 0.38 0.65
17

18 1569.5 101.71 13.3 0.59 13 108 0.30 0.36 0.63
21

19 1776.1 115.09 13.1 0.65 13 89 0.31 0.38 0.65
22

2 0 d 1912.9 123.95 13.1 0.60 16 95 0.31 0.37 0.65

19
21 2167.3 140.44 12.7 0.60 14 102 0.33 0.41 0.70

25
22

d  
2402.8 155.70 13.3 0.61 8 159 0.30 0.36 0.63

14
23

d  
2622.1 169.91 12.7 0.46 12 203 0.33 0.41 0.70

12

24 2774.6 179.79 14.9 0.53 14 127 0.22 0.24 0.42
25

2 5 d 3333.0 215.98 11.0 0.53 24 184 0.42 0.54 0.94
24

a The 25 frarnents were chosen i represent the entire mais range for type I fragments.
blhe Initial wall thlckness was 19.1 mm.
0 Defined In footnotes In Table M.8.
dfhis fragment cane from the end of the cylinder.
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Table M-1O. Measurements on the type 1 HF-1 steel cylinder fragments with heat treatment A
from experiment 3.

A-Ste Ust.-r mix'nu-

rt~mmWll l'n.1 O Of il Iragment Frrnnl nidgnaot True locomo o.s
Fisi.n.al 4- lOikkesn' Tkkoooith Widthb Rj R RoddI lati

No. (P) (S) (ra) Brtle Frsctua
b  

(m.) ) St,~i
b  

StIA5 b Susib

IC 415 269 186 Oe 30 1$2 016 018 031
7.1

2 628 407 19.4 077 58 116 0.12 013 023
57

3 649 4 20 193 0,75 29 106 0.13 014 025

45

4 68 426 199 085 s0 126 Oil 0.11 019
61

5 780 505 19.4 075 40 IS9 013 0.14 024
7.1

6 833 540 197 08) 59 163 012 012 021
67

7 96,4 625 201 061 39 16,1 0.10 010 018
7,6

8 101O2 6.56 195 087 5$ 201 012 0.13 023
47

9 1048 679 202 080 7.6 202 0.09 0.10 0.17
11.

10 1159 7-51 201 073 33 289 0.10 0.10 018
102

II 1511 979 201 083 55 28.1 0.10 0.10 018
107

12, 1714 11.1 19.3 087 11.9 18.3 0.13 0.14 0.25
7

13 1798 116 204 0.76 80 24.8 008 009 015
98

14 1830 119 19.7 078 84 19.6 0.11 012 021
130

is, 185.4 12.0 190 063 96 230 015 0.16 027
68

16 191.4 12.4 19.7 091 59 250 0.11 012 021

17 1999 130 199 081 69 210 Oil Oil 019
92

i8 2004 15.0 192 068 83 176 014 015 026
147

19, 2080 13A 193 0.78 t.9 19.3 013 0.14 025
84

20 2192 142 201 0.77 90 27.6 0.10 010 018
82

21 2207 147 19.7 071 99 178 Oil 0.12 021
136

22, 2239 14.5 192 0.78 106 17.7 014 0.15 026
99

23 226.0 146 196 065 98 21.5 0.12 013 0.22
21.7

24C 2278 148 198 071 136 22.7 Oil 0.12 021

14 3
25' 248.4 16A 116 084 9. 201 012 0.13 022

106

26 2592 168 192 001 166 23,$ 014 0.15 025
12.3

27 2637 17M 199 000 7.6 261 Oil 0.11 019
99

28c 277,5 180 196 085 13.7 262 012 0.13 0,22
105

29' 260 18.5 197 084 13 5 207 0.12 0.12 021

163

30 '916 189 197 078 104 269 0.12 012 021
117

31
s  

3.18 202 197 075 11,1 27,6 012 0.12 021
13.4

32 '24 6 210 19A8 060 8.7 313 Oil 0.12 020

122
33 460.2 29.8 203 0.52 89 37,3 0.09 009 0.16

13 8

'The in1ia wall thickness wa 223 mm
b Defied i foototts in Tase M 8,

cbi' tfi (ut come ftoi the end of th, cli dtf
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Table M-1 1. Measurements on the type 1 HF-1 steel cylinder fragments with heat treatment A
from experiment 4.

Avesae Maximum MaximumFrqpment Wal Fncdog oAW Parsent Frament E4-:ln$ True HomoPmousFragment MXa Th
a

Ickne Thklknme with Wid J
b  

iength
b  

Radi Radial Plstic
No. (A) (mAI) Bitde Fractub (mm) (mm) StruIsd St&10 b Strwinb

68.3 442 19.8 0.79 6.8 14.8 0.11 0.12 0.20
8.020 85.1 5.13 19.4 0.90 5.1 18.2 0.13 0.14 0.24
9.23 89. 5.80 19.9 0.90 3.7 16.7 0.10 0.11 0.19
7.74 110.6 7.17 19.7 0.83 6.0 18.1 0.12 0.12 0.21
7.130 117.2 7.60 19.7 0.72 9.3 18.5 0.11 0.12 0.21

10.96 121.2 7.85 20.2 0.79 7.4 17.9 0.09 0.10 0.17
7.77 124.1 8.04 200 0.66 4.1 19.4 0.10 0.1i 0.19
7.08 127.7 8.28 20.2 0.72 6.2 21.8 0.09 0.10 0.17
8.29 128. 8.33 19.7 0.82 6.2 13.0 0.11 0.12 0.21
7.010 139.4 9.04 20.0 0.66 5.3 23.1 0.10 0.10 0.18
7.8ill 143.8 0.32 19.7 0.78 9.1 21.8 0.1 0.12 0.21
8.712 154.4 10,00 19.8 0.81 3.3 24.0 0.11 0.12 0.20

8.3
13

C  
138.5 10.03 19.3 0.74 3.9 21.9 0.13 0.14 0.25

11.2
14 162.9 30.56 20.4 0.76 10.3 16.7 0.08 0.09 0.15

6.Si3 168.1 10.89 19.9 0.79 5.0 21.8 0.11 0.11 0.19

9.016 185.1 12.00 20.1 0.64 6.5 26.0 0.10 0.10 0.18

9.317 186.2 12.07 19.9 0.76 9.1 23.7 0.11 0.11 0.19
8.718 186.5 12.09 19.8 0.71 5.4 27.5 0.11 0.12 0.21

6.1190 211.7 13.72 19.9 0.65 8.2 19.4 0.10 0.11 0.19
11.320 215.0 13.93 20.0 0.69 7.1 27.8 0.10 0.11 0.1l

12.623 241.6 33.66 20.0 0.62 8.9 19.1 0.10 0.11 0.19

6.622 253.2 16.41 20.1 0.83 7.0 22.0 0.10 0.10 0.17

11.423 318.7 20.63 20.z 0.57 9.6 22.9 0.10 0.10 0.18
8.124 347.3 22.31 19.9 0.81 7.7 24.1 0.10 0.11 0.19
9.023 351.7 22.79 19.9 0,74 9.0 28.4 0.1 0.11 0.20
9.4

SThe Initial will thickness was 22.3 mm.
b Deflned In footnote% In Table M.8.
0

This fragment came from the end of the cylinder,
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Table M-12. Measurements on the type 1 HF-1 steel cylinder fragments with heat treatment B
from experiment 5.

Anezwl Mmufim " -l =m

Folent Wall Ftactlon of WaI FI'fVmnt Pn, cna 6ajmd Tne IlomoFeoos

FVraml MWa Thklmoen' Thknaet with widlhb Reih R Rtdlal Iltutk
No. (ga) () (mM) BdItde Frattu 

b  
(mm) (mm) SU3 Strainb st'sinb

I $5.S 3,60 19.2 086 31 16.3 013 014 024
6.

2 383 3.78 19.8 081 74 104 0, 0.11 019
7.8

3 60.2 3,90 18.7 090 S 8 92 0.1S 0.17 0.29
38

4 62.7 4.06 19 2 089 8 1 8 0.13 0.14 024
6,7

5 62.7 407 19.1 084 36 12.0 0.13 0.14 0.23
37

6 803 520 19.9 097 6.7 11.1 0.10 010 0.18
5.2

7 839 3.37 19.1 0.74 36 13.3 014 0I 025
7.9

94 9 6 15 18.5 083 4.3 16.7 0.16 018 0.30
10.7

9 952 6.17 20.5 0.71 3.1 11.8 007 007 0.13
129

10 993 6.43 19's 068 3.2 1$.4 0.12 0.12 021
106

II 100.4 6.31 19,3 0.59 50 21.3 0.12 013 023
86

12' 1038 6.73 18.7 087 6.9 188 0.15 0.17 029
68

13 106.1 688 19.5 0.83 9.5 124 0.12 0.12 021
9,5

140 108.1 7.01 18.3 0.83 $.2 20.1 011 0.18 032
8.7

is, 115.7 7.30 18.2 095 S.4 10 0118 020 0.34
5.7

16 121,7 7.89 19.3 076 46 220 0.12 013 0.23
9.0

17 124.7 8.08 19.5 0.80 7,4 11.2 0.12 0.13 021
13,1

18 125.6 8.14 19.4 070 60 19.3 012 0.13 0.22
7.6

19, 12.0 8.15 ISA 092 11.1 116 016 0.18 031
39

200 1288 8.3 1284 082 71 21.0 0.17 0.18 032
7.77

21 131.6 8.53 19.5 068 56 186 0.12 0.12 0.21
9.7

22' 133.4 8.17 183 09S 9.4 148 017 0.19 0.33
3A

23 136.1 8.82 182 082 8.1 20.3 0.17 0.19 033
8.1

24C 137.8 0.93 186 085 6.2 20.7 0.16 017 030
9.2

23 1406 91a 192 084 7.2 21.2 013 0.14 0.24
86

260 142.5 9,23 18.7 004 10.7 202 0.15 0.17 029
88

27 143.4 9.29 19,1 074 4.3 26.S 014 013 023

100
28 143.7 9.31 189 0.73 3.3 22.9 0.14 0.15 027

83
290 143.9 9.32 19.7 08S 10.0 19.1 0.15 016 0.28

8.2
30 1470 9.33 19,2 073 3.3 24.5 0.13 0.14 024

13.3

311 147.8 9.8 106 083 8 200 0.16 0.17 0.31
6.1

320 131.4 981 183 0.79 IL7 166 0.17 0.19 032
10.7

330 15.10 10.03 18 088 11.3 19.6 0.1 0.16 0.28
108

34 235.6 10.08 193 0.79 68 24.4 0.13 013 023
10.3
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Table M-12. Measurements on the type 1 HF-i steel cylinder fragments with heat treatment B
from experiment 5.(Continued)

Average Maximum Maximum
Fragment Wall Fraction of Will Fragment . rament Engineering True Ilomogtrerous

Fragment Mas ThIckneas Thkkness with Widthb Lengthb Radial Radial Plastic
No. (g) (g) (mm) Brtle Fractureb (mm) (mm) Strainb Srainb strainb

35' 157.2 10.19 184 0.87 7.9 23.8 0.17 0.18 0.31

8.9
36 159.3 10.32 19.2 0.64 6.1 20.8 0.13 0.14 0.25

I1.1
37 165.1 10.70 19.3 0.78 50 22.0 0.13 0.13 0.23

10.2
38 166.6 10.80 1L.4 0.77 6.3 26.7 0.16 0.18 0.31

8.8
39 169.4 10.98 19.1 0.72 8.8 21.9 0.14 0 15 0.25

8.5
40 169.5 10.98 19.6 0.78 10.1 19.3 0.11 0,12 0.21

11.4
41 171.5 11.11 19.3 0.65 4.5 24.2 0.13 0.14 0.24

8.3
42 172.3 11.17 19.6 0.78 6.7 24.9 0.11 0.12 0.21

9.0
43 177.9 11.57 19.1 0.65 7.8 19.1 0.14 0.15 0.25

10.6
44 178.5 11.57 19,1 0.79 5.2 22.0 0.13 0.14 0.25

9,5

450 188.8 12.23 18.4 0.81 10.4 21.0 0.16 0.18 0.31

460 192.6 12.48 18.4 0.83 9.9 19.0 0.17 0.18 0.32

14.4
470 199.8 12.95 18.5 0.74 1.2 17.6 0.16 0.17 0.30

9.1

480 206.1 13.36 18,7 0.86 8.3 21.6 0.15 0.17 0.29
12.0

49 211A 13.70 19.3 0.65 5.6 29.6 0.13 0,13 0.22
11.8

50 212.9 13.80 19.7 0.76 6.4 25.3 0.11 0.12 0.20
12.6

51 219.1 14.20 19.5 0.85 5.4 22.8 0.12 0.13 0.22

11.0
520 232.8 15.09 19.3 0.83 12.9 21.2 0.12 0.13 0.23

9.3
530 237.0 15.36 18.7 0.86 11.6 19.9 0.15 0.17 0.29

9.1
54

C  
240.4 15.58 18.4 0.85 10.1 19.8 0.16 0.18 0.31

31.4

55 277.4 17.98 19.2 0.72 7.7 29.4 0.13 0.14 0.24
13.5

a The initial wall thickness was 22.1 mm.
b Deined In footnotes in Table M.8
c This fragment came from the end of the cylinder.

M-23



Table M-13. Measurements on the type 1 HF-1 steel cylinder fragments with heat treatment B
from experiment 6.

Avwagc Maimurn NMaSimurn

i FtASmnt Wall Friction of Wall latme"l F"aet Entinesdns Tru 1omogeneouS
I"agncnt Mau lhklkneu Thisoalm ,th Width

b
' Lenhb Radial Radial PlatSic

No. (1) (s) (roM) BdItl Frct.r" (mm) (mm) stfanb etoin b Suinb

Ic 53.1 3.57 19.5 0,76 5.4 17.0 012 0.13 023
9.1

2 61.1 3.96 11/4 080 30 18.2 013 0.14 023
5.3

3
¢  

77.9 $05 195 0.77 s0 18.5 012 0.13 023
7.6

4 1014 6.57 195 0.76 5.4 17.0 0.12 0,13 023
9.1

S 107.3 6.95 19.7 0.67 5.1 22.5 0.11 0.12 021
11.4

6 1106 7,17 19.3 0.87 5.5 21.4 0.13 0.14 0.25
8.0

7 1113 7,21 196 082 S.3 23.5 0.12 0.13 0.22
7.7

8 1121 7.26 194 0,76 5.0 18.5 0.13 0.14 024
10.3

9 115.2 7.47 19.8 081 6.6 12.3 0.11 0.12 0.20
I1.0

10 122.9 7.96 196 082 3.2 22.7 0.12 0.13 0.22
8.8

I I 125.6 8.14 197 0.84 8.3 17.6 0.11 0.12 0.21
11.7

12 1266 8.20 19.8 061 55 22.4 0.11 0.11 020
102

13 128.1 8.30 196 069 5.1 17.4 0.12 0.12 021
106

14C 128.2 8.31 19.2 0.90 100 19.7 0.13 0.14 0.25
90

is 130.7 847 19,2 082 6.6 19.1 0.13 0.14 025
11.2

16 133 6 866 19.3 083 6.5 15.3 0.13 0.14 0.24
10.4

17 136.4 884 189 0.87 7.2 20.9 0.15 0.16 0.28
9.8

18  136.7 8.86 19.2 080 6.9 20.5 0.14 0.15 025

109
19 , 137.6 892 20.1 0.85 10.5 23.1 009 0.10 0,17

10.4
20 138.2 896 188 0.86 100 21.9 0.15 0.17 029

7.0
21 141.2 9.15 19.7 0.59 4.6 18.5 0.11 0.12 0,21

12.8
22 142.2 9.21 196 085 6.2 206 0.12 0.13 022

10.1

23' 145.1 9.40 19.4 084 I0.1 21.0 0.13 0.14 023
8.1

24 148.5 9.62 200 080 11.9 15.1 0.10 0.11 0.18
90

25 149.3 9.67 19.0 0.8 8.3 20.8 0.15 0.16 027
102

26 131.3 9.80 19.5 080 6.2 21.5 0.12 0.13 022
11,3

2 7' 154.3 1000 19,6 082 10.9 16.6 0.12 0.13 0.22
9.1

2 8 ' 157.4 10.20 19.5 082 8.3 24.5 009 0.10 0.17
80

29 164.1 10.63 19,7 0.77 5.9 20.6 0.11 0.12 021
11.7

30 166.2 10.77 19.2 0.77 7.1 239 0.14 0.15 026
8.2

31' 167.4 1085 19, 0.80 7.6 19.9 0.11 0.12 0.2111.5 , -
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Table M-13. Measurements on the type 1 HF-1 steel cylinder fragments with heat treatment B

from experiment 6.(Continued)

Average ML ,4 i Umum
Fragment Wall Fraction of Wall Fragment Fragment Engineering True llomogeneous

Ftavnent Mass Thickness' Thicknes ith Widthb Lngth
b  

Radial Radial Plastic

No. (g) (9) (mm) Brittle Fractureb (mm) (mm) Strainb Strain
b  

Strain
b

32' 169.4 10.98 19.4 089 8.3 23.1 0.13 0.14 0.23
9.0

33 174.2 11.29 19,7 0.78 6.9 19.6 0.11 0.12 0.21
10.9

340 178.0 11.53 19.6 0.82 8.1 21.2 0.12 0.13 0.22
8.8

35
c  

180.8 11.72 19.4 0.89 8.8 18.7 0.13 0.14 0.23
11.1

36 181.4 11.75 19.3 081 6.5 22.7 0.13 0.14 0.25
9.9

37 184.3 11.94 19.8 0.78 11.2 22,5 0.11 0.12 0.20

6.2

38 185.4 12.01 194 0.7. 9.7 24.2 0.13 0.14 0.24
7'.4

390 190.1 12.32 19.3 0.80 7.2 25,9 0.13 0.14 024

8.6

40
c  

194.2 12.58 19.9 0.81 11.2 24.3 0.11 0.11 0.19

10.4

410 207.6 13.45 20.1 0.78 10.1 23.4 0.09 0.10 0.17
14.6

420 208.2 13.49 19.9 0.86 94A 22.6 0.11 0.11 0.19

12.3
430 220.1 14.26 19.4 0.87 13.2 226 0.13 0,14 0.24

12.7
44

c  
234.7 15,21 19.5 0.89 14,1 28.1 0.12 0.13 0.23

9.5

45 247.5 16.04 19.7 0.72 9.3 21.8 0.11 0.12 0.21

13.2

460 248.5 16.10 19.4 0.90 11.9 23.0 0.13 0.14 0.23
9.3

470 291.8 18.91 19.8 0,82 11.6 26.7 0.18 0.12 0.20

10.7
48 319.2 2068 19.7 0,85 6.1 32.1 0.11 0.12 0.21

105
49 328.1 21.26 19.8 0.67 7.7 32.4 0.11 0.12 0.20

I'L3 i

a The Initial wall thickness was 22.3 mm.

b Defwed In footnotes in Table M.8.

C This fragment came from the end of th cylinder.
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Table M-14. Measurements on twenty selected type 1 HF-1 steel projectile fragments with heat

treatment A from experiment 7.

Avw Maimum Maximum
Fraglnent Wall Fraction of Wall Fraiment Flraipmet Eangis g True Homogeneous

Fragment MNS ~ Thickness" Thikness with Width' Length Radial Ra*dial Aslie
No. (11) (9) (m) Brltde Fracture& (mm) (mm) Strain' Slan

a  
Strain

8

I
b  

794.3 51.47 16.0 0.56 16.5 58.8 0.11 0.12 0.20

16.3
2 639.6 41.44 15.9 0.43 8.2 67.2 0.12 0.12 0.22

5.8

3 516.8 33.49 15.7 0.47 7.7 58.2 0.13 0.14 0.24

6.4
4 466.9 30.26 15.5 0.75 10.7 53.5 0.14 0.15 0.25

10.0
S 428.4 27.76 16.3 0.39 13.2 28.3 0.09 0.10 0.17

12.2

6 348.3 22.57 16.3 0.86 14.4 37.5 0.10 0.10 0.17

6.4
7 298.6 19.35 15.4 0.72 x2.4 33.3 0.15 0.16 0.27

10.5

8 204.9 13.28 16.3 0.90 9.2 27.1 0.09 0.10 0.17
7.4

9 153.2 9.93 16.3 0.63 11.3 23.1 0.09 0.10 0.17
4.3

10 104.2 6.75 16.3 0.93 6.0 22.2 0.09 0.10 0.17

4.5

111 152.3 9.87 8.9 1.00 7.6 22.0 0.08 0.08 0.14

7.6
12 102.9 6.67 8.7 1.00 7.8 22.6 0.10 0.11 0.18

7.8

13 82.7 5.36 8.6 0.94 7.5 17.1 0.11 0.21 0.19
6.9

14 74.6 4.83 8.9 0.57 5.7 20.5 0.07 0.08 0.13
5.3

13 41.6 2.70 8.5 1.00 4.5 14.1 0.12 0.12 0.21
3.0

16
d  

202.9 23.13 7.2 1.00 9.1 34.7 0.17 0.19 0.33

9,5

17 74.71 4.84 7.3 0.94 6.4 19.3 0.17 0.18 0.32
S.2

18 42A 2.75 7.3 0.96 6.2 17.8 0.16 0.18 0.30
6.2

19 24.3 1.57 7.5 0.00 3.8 13.1 0.13 0.15 0.25

4.3
20 12.4 0.80 7.2 1.00 2.3 10.5 017 0.19 0.32

2.9

a Defined in footnotes In Table M.$.
bFrjgments I through 10 came from the 102.mm long uniform region of the aft projectile section. The Initial wall thickness was 1.0 mm.

I Fragments 11 through 15 came from the joint region of the forward projectc section, Te Initial wall thickness was 9.7 mm.
d Fragments 16 through 20 came from the joint region of the aft projectile section. Tho Initial wall thickness was 8.7 mm.

)
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APPENDIX N

COMPUTER LISTINGS FOR THE ARMCO IRON AND HF-I STEEL
CYLINDRICAL PUFF AND TROTT COMPUTATIONS

(Computer listings of the PUFF computational results for the Armco iron and HF-I steel cylinders

and the TROTT computational results for the HF-I steel projectile are given in this appendix. The
BFRACT2 subroutine was used for the computations given in Figures N-I, N-2, N-3, and N-6. The
BFRACT2 and SHEAR2 subroutines were used for the computations given in Figures N-4 and
N-5. References I and 2 provide detailed explanations of the parameters used in the PUFF and
TROTT computer codes, respectively. The crack distribution results for these computations

are summarized in Appendix 0. The fragment mass distribution results that are listed in the
computer output for each brittle fracture computational cell were derived assuming spherical
fragments and were not used in the present work. The details are given in Reference 3.)
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APPENDIX 0

SUMMARY OF THE COMPUTATIONAL CRACK DISTRIBUTION RESULTS AND THE
CALCULATED FRAGMENT MASS DISTRIBUTION RESULTS FOR THE ARMCO IRON AND
HF-I STEEL CYLINDER EXPERIMENTS AND THE HF-1 STEEL PROJECTILE EXPERIMENT

(Tables 0-1, 0-3, 0-5, 0-7, 0-9, and 0-11 summarize the crack distribution results for the PUFF
and TROTT computations given in Appendix N. Tables 0-2, 0-4, 0-6, 0-8, 0-10, and 0-11 give
the calculated fragment mass distribution results using the crack distribution results.)
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APPENDIX P

COMPUTED STRESS, PARTICLE VELOCITY, AND CRACK
CONCENTRATION VERSUS TIME PLOTS FOR EACH

COMPUTATIONAL CELL FOR THE HF-i STEEL,
HEAT TREATMENT B, CYLINDER EXPERIMENTS

(These plots were produced using cylindrical PUFF computations with the BFRACT 2 subroutine
and the input parameters from Figure N-3(a) (with the appropriate JEDIT parameters). The
JEDIT parameters SI, S2, S3, U, COM9, and COM I1 used for these plots correspond to the radial
stress, circumferential stress, axial stress, radial particle velocity, circumferential crack concentr-
ation, and axial crack concentration, respectively. Cells I through 10 contain composition B
explosive. Cells 12 through 21 contain HF-i steel with heat treatment B. Plots (a), (b), and (c)
of Figures P-1 through P-20 are the principal stresses in the radial, circumferential, and axial
directions, respectively. Compressive and tensile stress values are positive and negative,
respectively. The stresses are computed at the cell midpoints. Figures P-21 through P-30 give the
radial particle velocity in the cells. A particle velocity refers to the cell edge. Plots (a) and (b) of
Figures 31 through 40 give the circumferential and axial crack concentrations, respectively, for the
fractured HF-I steel cells. Crack concentrations are computed at the cell midpoints).
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